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1.0  Executive  Summary 


1.1  Purpose  of  Study 

In  November  1995,  the  Alberta  Department  of  Energy 
and  the  Alberta  Energy  and  Utilities  Board  (EUB)  initiated  a 
series  of  modelling  studies  to  assess  the  potential  applicabil- 
ity of  the  Steam  Assisted  Gravity  Drainage  (SAGD) 
bitumen  extraction  process  under  a  variety  of  reservoir 
conditions.  SAGD  is  an  in  situ  bitumen  recovery  process 
that  has  been  successfully  demonstrated  at  the  Underground 
Test  Facility  (UTF)  near  Fort  McMurray.  Since  this  recov- 
ery technique  has  the  potential  to  significantly  increase 
bitumen  production,  there  is  a  great  deal  of  interest  in 
detennining  the  extent  to  which  SAGD  extraction  may  be 
affected  by  various  reservoir  conditions  such  as  thickness, 
depth,  pressure,  oil  saturation,  and  the  presence  of  associ- 
ated water  and  natural  gas. 

This  report  reviews  possible  effects  of  gas  caps  on 
SAGD  performance  in  the  Athabasca  McMurray  and  Cold 
Lake  Clearwater  oil  sands.  It  focusses  narrowly  on  bitumen 
production  using  the  SAGD  process  and  did  not  address 
other  issues  such  as  the  potential  effects  of  SAGD  on  gas 
production.  The  study  was  initiated  as  an  internal  investiga- 
tion by  the  department  and  the  EUB  to  learn  more  about  the 
applicability  of  the  SAGD  process  and  has  been  made 
available  to  the  public  for  the  purpose  of  sharing  informa- 
tion and  improving  our  understanding  of  this  new 
technology.  A  companion  report  covers  other  aspects  such 
as  overburden  thickness,  reservoir  thickness,  and  water 
zones. 

This  report  should  be  regarded  as  a  preliminary  predic- 
tion of  SAGD  perfonnance  in  the  presence  of  gas  caps.  It 
must  be  emphasized  that  the  findings  are  subject  to  a 
number  of  practical  limitations.  The  computer  model  used 
for  simulations  of  SAGD  performance  was  calibrated  using 
field  data  acquired  at  the  UTF  where  the  SAGD  process  has 
been  tested  and  demonstrated.  For  this  study,  it  was  neces- 
sary to  extend  the  model  to  represent  reservoir 
characteristics  not  found  at  the  UTF,  most  importantly  the 
presence  of  associated  gas  caps.  A  number  of  assumptions 
were  required  in  extending  the  model.  Similarly,  the 
phenomenon  of  steam  behaviour  in  the  gas  cap,  also 
included  in  the  model,  has  not  been  validated  against  field 
data.  The  findings  outlined  in  this  report  therefore  reflect  the 
assumptions  made  in  setting  up  the  model  and  the  limita- 
tions of  numerical  simulation.  Results  presented  are  the 
considered  opinions  of  the  authors  but  their  accuracy  or 
usefulness  cannot  be  warranted  since  they  have  not  been 
field  tested. 


1.2  Issues 

Accumulations  of  natural  gas  are  sometimes  found  in 
geological  strata  above  oil  sands  deposits  in  the  same  pool. 
These  accumulations  are  referred  to  as  associated  gas  caps. 
Gas  occurring  in  separate  pools  is  referred  to  as  non- 
associated  gas.  Accumulations  of  associated  gas  are  not  well 
defined  with  respect  to  size,  continuity,  and  the  degree  of 
pressure  communication  with  the  bitumen  below. 

In  some  of  the  oil  sand  areas,  significant  natural  gas 
production  has  already  taken  place  and  additional  produc- 
tion is  planned.  Meanwhile,  the  newly  developed  SAGD 
technology  is  increasingly  being  regarded  as  an  economic, 
in  situ  method  of  producing  bitumen.  Like  other  in  situ 
bitumen  extraction  techniques,  the  SAGD  process  depends 
on  effective  containment  of  pressurized  steam  within  the 
bitumen  pay  zone.  There  are  concerns  that  SAGD  bitumen 
recovery  may  be  affected  by  steam  losses  into  associated 
gas  caps.  The  extent  of  this  steam  loss  may  be  influenced  by 
the  size  and  pressure  of  the  gas  zones.  It  is  this  issue  that 
occupies  the  primary  focus  of  the  study  described  in  this 
report.  A  companion  study  addressing  the  potential  impacts 
of  pay  thickness,  overburden  thickness,  and  water-bearing 
sands  on  SAGD  performance  was  also  been  carried  out.  The 
results  of  this  study  are  also  available  from  the  department. 

1.3  SAGD  Bitumen  Recovery 

Steam  Assisted  Gravity  Drainage  (SAGD)  is  an  in  situ 
bitumen  recovery  process  that  was  developed  to  recover 
bitumen  from  oil  sands  that  are  buried  too  deeply  for  surface 
mining,  yet  are  too  close  to  the  surface  for  other  in  situ 
steam  stimulation  techniques  that  depend  on  higher  pres- 
sures. In  SAGD  installations,  access  to  the  oil  sands 
formation  is  gained  by  drilhng  pairs  of  wells  from  the 
surface.  Advanced  drilling  techniques  are  used  to  extend 
these  wells  horizontally  through  the  lower  part  of  the  pay 
zone.  The  horizontal  well  sections,  lying  parallel,  one 
direcdy  above  the  other,  are  spaced  several  metres  apart.  At 
start-up,  steam  is  injected  into  both  the  upper  and  lower 
wells  and  flows  back  along  the  annulus  between  the  inner 
tubing  and  the  well  casing,  heating  and  mobilizing  the 
viscous  bitumen  in  the  wellbore  area.  Once  pressure 
conmiunication  has  been  established  between  the  two  wells 
and  a  steam  chamber  or  oil-depleted  zone  has  been  formed, 
steam  is  injected  via  the  upper  (injector)  well  only,  and  the 
lower  well  becomes  the  producer. 

During  SAGD  recovery,  steam  injected  through  the 
injector  well  flows  through  the  depleted  zone  to  the  cold 
interface  where  it  condenses,  heating  the  bitumen.  Mobi- 
lized bitumen  drains  by  gravity  to  the  lower  production  weU 
and  a  steam  chamber  is  formed.  The  force  required  to  lift  the 
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produced  bitumen  to  processing  facilities  at  the  surface  is 
provided  mainly  by  the  pressure  within  the  steam  chamber. 
Non-condensible  gas  is  often  injected  to  lighten  the  fluid 
column  and  augment  this  lifting  action.  As  the  pay  zone  is 
exploited,  the  steam  chamber  continues  to  rise  and  spread, 
eventually  reaching  the  top  of  the  oil-bearing  formation  or 
some  other  impermeable  barrier.  This  stage  of  steam 
chamber  development  is  considered  to  be  the  time  during 
which  steam  breakthrough  to  an  associated  gas  cap  is  most 
likely  to  occur.  In  proposed  conmiercial  projects,  several 
SAGD  well  pairs  are  arranged  in  patterns  with  70-90  m 
spacing  between  adjacent  pairs.  Using  this  type  of  configu- 
ration, neighbouring  steam  chambers  eventually  merge  as 
the  pay  zone  is  depleted. 

The  SAGD  process  was  pioneered  by  the  Ministry  of 
Energy  through  the  Alberta  Oil  Sands  Technology  and 
Research  Authority  (AOSTRA)  and  its  industry  partners  at 
the  UTF  in  the  Athabasca  oil  sands  northwest  of  Fort 
McMurray.  Field  testing  and  demonstration  began  in  1987 
following  several  years  of  planning  and  construction.  By 
1990,  the  proof-of-concept  phase  of  the  UTF  project  had 
reached  a  successful  conclusion  and  the  partners  decided  to 
proceed  with  the  next  phase,  a  pre-conmiercial  demonstra- 
tion of  the  SAGD  process.  Three  new  600  m  well  pairs  (500 
m  horizontal  section)  were  completed  in  1991  and  initial 
steaming  began  a  short  time  later.  By  1993,  individual  UTF 
wells  were  among  the  top  crude  oil  producers  in  Alberta.  In 
1995,  two  additional  horizontal  well  pairs  were  drilled  from 
the  surface.  These  wells  were  tied  into  expanded  process 
facilities  in  1996. 

The  successful  demonstration  of  SAGD  technology  at 
the  UTF  has  stimulated  the  interest  of  several  oil  companies 
in  developing  conmiercial-scale  SAGD  projects. 

1.4  Study  Methodology 

The  numerical  models  used  in  the  study  are  based  on 
CMG  STARS,  an  advanced  process  reservoir  simulator 
calibrated  on  the  basis  of  extensive  SAGD  performance  data 
obtained  at  the  UTF  project  The  model  was  modified  to 
include  a  gas  cap,  the  pressure  and  thickness  of  which  could 
be  varied.  In  addition,  the  model  was  adapted  to  simulate 
breakthrough  of  steam  into  the  gas  cap.  These  modifications 
necessitated  a  number  of  assumptions  that  are  described  in 
greater  detail  in  the  body  of  the  report. 

In  this  study,  SAGD  perfOTmance  was  simulated  for  the 
Athabasca  McMurray  oil  sands  and  for  the  Cold  Lake 
Clearwater  oil  sands  at  Wolf  Lake  and  Burnt  Lake.  The  UTF 
database  provided  useful  information  on  SAGD 
perfonnance  at  the  UTF.  Wolf  Lake  and  Burnt  Lake  were 
sites  for  which  information  was  readily  available. 


It  must  be  stressed  that  the  geology  and  reservoir 
characteristics  of  the  UTF  are  not  the  same  as  at  other 
locations  in  the  deposit.  In  the  Athabasca  deposit,  as  well  as 
Cold  Lake,  SAGD  performance  will  be  site-specific. 

The  models  used  for  the  simulations  incorporated  a 
number  of  parameters  reflecting  reservoir  geology,  selected 
SAGD  well  configurations,  associated  gas  cap  thickness, 
and  whether  or  not  gas  caps  had  been  depleted.  Simulations 
were  then  run  to  provide  perfonnance  predictions  for 
various  SAGD  operating  strategies  in  terms  of  operating 
pressure,  steam  rate,  and  production  rates  of  bitumen  (oil) 
and  water  for  individual  well  pairs  over  the  expected 
economic  life  of  the  wells. 

The  social  supply  cost  of  bitumen  was  calculated  based 
on  well-pair  performance  predictions  and  assumed  capital 
and  operating  costs  to  provide  a  conraion  basis  for  ranking 
the  alternatives.  The  social  supply  cost  represents  the  cost 
per  unit  of  production  over  the  project  life  that  will  provide 
the  rate  of  return  implied  by  the  discount  rate,  before  taxes 
and  royalties.  A  discount  factor  of  10%  was  selected  in  this 
study.  Simulations  were  run  for  30,000  bbl/d  commercial 
SAGD  plants  with  lifetimes  of  30  years.  During  the  first  25 
years,  production  from  new  SAGD  well  pairs  comes  on 
stream  as  older  wells  become  depleted. 

The  supply  costs  used  in  this  study  are  intended  to 
provide  a  reasonable  basis  for  ranking  alternatives.  A 
number  of  economic  factors  normally  considered  by 
companies  in  evaluating  the  potential  profitability  or 
viability  of  individual  projects  were  intentionally  omitted  as 
beyond  the  scope  of  the  study;  these  include  royalties,  tax 
implications,  cash  flow,  and  return  on  investment.  Similarly, 
no  consideration  was  given  to  potential  impacts  on  govern- 
ment revenues.  It  should  also  be  noted  that  this  study 
considered  only  bitumen  production;  gas  production 
revenues  and  costs  were  not  calculated.  A  complete  descrip- 
tion of  the  economic  calculations  and  the  cost-related 
assumptions  is  given  in  Appendix  B. 

1.5  Simulation  Results 

In  general,  calculations  based  on  the  numerical  simula- 
tions indicate  that  SAGD  process  costs  depend  on  the 
amount  of  steam  that  flows  into  the  gas  cap,  from  which  no 
bitumen  is  produced.  However,  it  is  assumed  in  the  simula- 
tions that  these  losses  can  be  reduced  or  largely  eliminated 
by  operating  the  process  at  or  near  the  gas  cap  pressure. 
From  the  standpoint  of  SAGD  performance,  operating  at  a 
reduced  pressure  improves  the  heat  efficiency  of  the  steam 
due  to  increased  latent  heat.  However,  the  temperature  of 
the  steam  is  also  lowered.  This  results  in  smaller  reductions 
in  bitumen  viscosity  and  reduced  rates  of  bitumen  produc- 
tion. Figure  1.1  illustrates  some  of  the  representative 
simulation  results  for  three  selected  reservoirs  having  non- 
depleted  and  depleted  gas  caps  of  the  thicknesses  indicated. 
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Figure  1.1  — -  Bitumen  Supply  Costs  and  Recovery 


1.5.1  Athabasca  McMurray 

Results  for  Athabasca  McMurray  indicate  that,  in  the 
absence  of  a  gas  cap  and  with  the  steam  chamber  operating 
at  2600  kPa  (similar  to  the  UTF  project),  a  CDOR  (calendar 
day  oil  rate)  and  CSOR  (cumulative  steam/oil  ratio)  of  80 
mVd  and  2.7,  respectively,  are  achieved.  Bitumen  recovery  is 
81%.  In  the  case  of  the  thickest  gas  cap  (10  m),  SAGD 
performs  very  well  when  its  operating  pressure  is  1800  kPa, 
the  same  as  the  gas  cap.  Although  the  CDOR  of  71  m^/d  is 
reduced  due  to  lower  pressure,  the  CSOR,  a  good  indicator 
of  economics,  is  slightly  better  (2.6)  due  to  more  efficient 
use  of  steam  at  the  lower  pressure.  In  a  case  where  the 
SAGD  process  is  operated  at  the  assimied  depleted  gas  cap 
abandonment  pressure  of  550  kPa,  the  CSOR  is  only  1.9, 
while  the  CDOR  is  25  mVd.  Bitumen  recovery,  when  the 
wells  are  run  to  their  economic  limit,  is  only  41%.  Although 
believed  to  be  reasonably  well  optimized,  a  10  m  depleted 
gas  cap  case  operated  with  a  steam  chamber  pressure  of 
1000  kPa,  450  kPa  above  the  depleted  gas  cap  pressure, 
yields  a  lower  CDOR  of  47  mVd  and  a  higher  CSOR  of  3.4, 
respectively.  Bitumen  recovery  in  this  case  is  69%,  down 
from  79%  for  the  non-depleted  case. 

In  summary,  simulations  indicate  that  pressure  deple- 
tion in  a  10  m  thick  Athabasca  gas  cap  decreases  the  CDOR 
and  increases  the  supply  cost  of  bitumen,  particularly  if 
bitumen  recovery  is  to  be  maximized.  For  thinner  gas  caps, 
the  results  indicate  that  bitumen  tends  to  plug  the  gas  cap, 
reducing  steam  losses  and  the  impact  of  gas  depletion  on 
SAGD  performance. 

1.5.2  Cold  Lake  Clearwater,  Wolf  Lake 

The  Clearwater  oil  sand  at  Wolf  Lake  has  a  net  pay  of 
52  m,  about  twice  that  of  Athabasca  McMurray.  It  also  has 
lower  permeability  and  about  one  half  the  oil  saturation.  As 
a  result  of  the  lower  oil  saturation,  steam/oil  ratios,  which 
have  the  greatest  impact  on  economics,  are  considerably 
higher  than  in  Athabasca  McMurray  oil  sand.  This  makes 
SAGD  less  attractive  at  Wolf  Lake.  It  was  found  that  steam 
injection  pressure  at  Wolf  Lake  has  to  be  much  closer  to  gas 
cap  pressure  than  in  the  Athabasca  deposit  because  of  a 
greater  propensity  for  steam  loss,  due,  in  part,  to  the  lower 
viscosity  of  Cold  Lake  bitumen.  Simulations  also  show 
slightly  lower  CSORs  and  social  supply  costs  with  increas- 
ing gas  cap  thickness.  This  phenomenon  is  thought  to  result 
from  the  thermal  insulating  effect  of  the  gas  caps. 

Using  the  8  m  gas  cap  cases  to  represent  the  results,  a 
non-depleted  gas  cap  gives  a  CDOR  of  93  mVd,  a  CSOR  of 
3.29,  and  recovery  of  58%.  Assuming  a  depleted  gas  cap, 
the  simulation  predicts  a  CDOR  of  52  m^  of  bitumen  per 
day,  a  CSOR  of  3.86,  and  similar  recovery.  The  simulations 
show  that  the  effect  of  depleting  the  gas  caps  is  much  less 
severe  than  for  the  more  viscous  bitumen  in  the  Athabasca 
deposit.  However,  these  results  should  be  viewed  with 
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caution.  The  model  used  has  not  been  verified  by  actual 
Wolf  Lake  field  performance.  In  addition,  the  effects  of 
pressure  differences  between  the  injected  steam  and  the 
reservoir  are  complicated  by  interaction  with  the  more 
mobile  bitumen  and  the  presence  of  solution  gas  in  much 
greater  volumes  than  in  Athabasca  bitumen. 

1.5.3  Cold  Lake  Clearwater,  Burnt  Lake 

The  Clearwater  Burnt  Lake  model  is  34  m  thick.  It  has 
lower  average  pemieabilities  than  the  Athabasca  McMurray 
and  Wolf  Lake  models,  but  with  70%  oil  saturation,  consid- 
erably higher  than  in  the  Wolf  Lake  model.  Performance  of 
SAGD  at  Burnt  Lake  is  predicted  to  be  considerably  better 
than  at  Wolf  Lake  in  terms  of  production  rates,  steam 
requirements,  and  social  supply  costs,  primarily  due  to 
higher  bitumen  saturation.  Simulation  results  for  Burnt  Lake 
indicate  that  steam  injection  pressures  need  to  be  maintained 
near  the  gas  cap  pressures  to  prevent  steam  loss. 

With  a  non-depleted  5  m  gas  c^,  a  CDOR  of  64  mVd,  a 
CSOR  of  2.74,  and  a  recovery  of  72.7%  are  predicted.  The 
depleted  gas  cap  predictions  used  a  steam  chamber  pressure 


greater  than  the  gas  cap  pressure  and  incurred  considerable 
steam  loss.  The  resulting  CSOR  (4.20)  is  not  optimized  and 
is  not  comparable  to  the  non-depleted  cases.  The  effect  of 
depleting  the  gas  caps  in  a  Burnt  Lake-type  oil  sand  is 
expected  to  be  siniilar  to  that  for  Wolf  Lake.  This  model  has 
not  been  verified  by  actual  Burnt  Lake  performance  and  the 
results  should  be  viewed  with  caution. 

1.6  Further  Work 

In  related  work,  the  authors  of  this  report  have  studied 
the  effects  of  pay  thickness,  overburden  thickness,  and 
water  sands  on  SAGD  performance.  This  is  the  subject  of  a 
separate  report,  also  available  from  the  Department  of 
Energy. 

The  results  presented  in  this  report  are  preliminary  in 
nature,  and  require  testing  and  calibration.  Much  more  work 
remains  to  be  done  to  ensure  an  understanding  of  the  effects 
studied.  This  includes  numerical  and  physical  simulations, 
laboratory  tests,  and  field  pilots.  A  number  of  specific 
recommendations  for  future  work  are  presented  in  Section  9. 


4  Possible  Effects  of  Gas  Caps  on  SAGD  Performance 


2.0  Introduction 


Only  a  small  fraction  of  Alberta's  bitumen  resources  are 
economically  recoverable  using  surface  mining  methods, 
owing  to  the  costs  associated  with  handling  and  transporting 
overburden  materials  and  the  mined  ore.  The  remaining 
bitumen  must  be  extracted  from  the  oil  sands  using  in  situ 
techniques.  The  Steam  Assisted  Gravity  Drainage  (S  AGD) 
bitumen  extraction  process  was  conceived  as  a  means  of 
economically  producing  bitumen  from  oil  sands  that  are 
buried  too  deep  for  surface  mining,  yet  not  deep  enough  to 
contain  the  relatively  high  pressures  used  in  cyclic  steam 
stimulation  processes. 

Following  years  of  successful  development,  testing,  and 
demonstration  of  the  SAGD  process  at  the  Underground 
Test  Facility  (UTF)  northwest  of  Fort  McMurray,  the 
Alberta  Department  of  Energy  and  the  Alberta  Energy  and 
Utilities  Board  (EUB)  identified  the  need  for  additional 
information  on  the  potential  conmiercial  applicability  of  the 
process  for  a  range  of  reservoir  conditions.  In  November 
1995,  the  department  and  the  EUB  initiated  a  series  of 
modelling  studies  to  assess  the  extent  to  which  SAGD 
performance  might  be  affected  by  specific  reservoir-related 
factors:  pay  thickness,  overburden  thickness,  and  the 
presence  of  water-bearing  sands  and  gas  caps  in  association 
with  the  oil  sands.  While  the  studies  undertaken  in  1995 
were  intended  for  internal  use  and  the  findings  are  prelimi- 
nary in  nature,  the  results  represent  the  best  information 
presently  available  on  the  potential  applicability  of  this 
promising  new  in  situ  technology.  Accordingly,  the  depart- 
ment and  the  EUB  wish  to  make  the  results  public.  The 
study  described  in  this  report  deals  with  the  possible 
influence  of  associated  gas  caps,  both  non-depleted  and 
depleted,  on  SAGD  performance.  Results  of  the  companion 
studies  on  the  possible  effects  of  pay  thickness,  overburden 
thickness,  and  the  presence  of  water  sands  are  available 
from  the  department  in  a  separate  report.  These  companion 
studies  were  based  on  models  similar  to  those  used  in  this 
study,  and  did  not  address  detailed  reservoir  lithology. 

Mr.  W.K.  Good,  manager  of  Engineering  and  Technol- 
ogy Development,  Alberta  Department  of  Energy,  directed 
the  efforts  of  the  study  team.  The  simulation  work  and  the 
cost  calculations  were  done  by  Mr.  Claude  Rezk,  engineer- 
in-training  with  the  department,  and  Mr.  Brian  Felty,  an 
engineer  with  the  EUB's  Reservoir  Applications  Group.  The 
study  team  was  assisted  by  Mr.  E.C.  Lau  of  E.G.  Lau 
Petroleum  Consulting  Inc. 

Numerical  modelling  techniques  were  used  to  simulate 
SAGD  performance.  The  model  used,  CMG  STARS,  was 
originally  calibrated  on  the  basis  of  SAGD  performance  at 
the  UTF,  where  there  is  no  gas  cap.  It  was  therefore  neces- 
sary to  incorporate  a  gas  cap  feature  into  the  model  and  to 
include  a  mechanism  for  simulating  flow  behaviour  when 


SAGD  process  steam  reaches  the  gas  cap.  In  the  absence  of 
applicable  field  data,  a  number  of  assumptions  were  used  in 
making  these  modifications  to  the  model.  The  model  was 
also  adapted  to  reflect  selected  SAGD  well  configurations, 
gas  cap  thickness,  and  whether  the  gas  cap  had  been  de- 
pleted. Modelling  parameters  were  selected  to  represent 
some  of  the  geological  features  of  the  three  reservoirs 
studied — ^McMurray  Formation  sands  in  the  Athabasca 
deposit  and  Clearwater  Formation  sands  at  Wolf  Lake  and 
Burnt  Lake  in  the  Cold  Lake  deposit  (Figure  2.1).  Useful 
information  on  SAGD  performance  at  one  site  in  the 
McMurray  Formation  was  available  from  the  UTF  database. 
Wolf  Lake  and  Burnt  Lake  had  been  sites  of  earlier  test 
drilling.  An  overview  of  the  modelling  approach  used  is 
given  in  Section  4  and  details  of  the  well  pair  simulation 
models  for  the  three  different  oil  sands  are  given  in  Sections 
5, 6,  and  7. 

Modelling  SAGD  performance  in  the  proximity  of 
associated  gas  caps  is  a  technical  challenge.  Spatial 
discontinuities  in  the  oil  sands  and  their  surroundings  make 
it  difficult  to  accurately  represent  important  characteristics 
such  as  permeability,  bitumen  content,  and  gas  cap  associa- 
tion. In  addition,  some  phenomena  of  interest,  such  as  steam 
breakthrough,  to  be  discussed  later,  are  complex  and 
transient  in  nature.  The  validity  of  results  presented  here  is 
limited  by  the  accuracy  of  the  assumptions  noted  above,  the 
complexity  of  the  problem,  and  by  the  fact  that  history- 
matching  data  were  available  for  just  one  field  simation. 
While  much  work  remains  to  be  done,  the  results  of  this 
preliminary  study  do  represent  progress  to  date  in  assessing 
the  potential  range  of  applicability  of  SAGD  technology. 

Simulations  were  run  to  provide  performance  predic- 
tions for  various  SAGD  operating  strategies  in  terms  of 
operating  pressure,  steam  rate,  and  production  rates  of 
bitumen  (oil)  and  water  for  individual  well  pairs  over  the 
expected  economic  lifetime  of  the  wells.  The  results  of  well 
pair  performance  simulations  were  used  in  performing 
calculations  concerning  the  economic  performance  of  a 
coDMnercial  plant  in  which  new  well  pairs  are  brought  into 
production  as  older  wells  become  depleted.  Social  supply 
costs  of  bitumen  were  calculated  on  the  basis  of  several 
assumptions,  including  capital  and  operating  costs.  The 
social  supply  cost  represents  the  cost  per  unit  of  production 
over  the  project  life  that  will  provide  the  rate  of  return 
implied  by  the  discount  rate,  before  taxes  and  royalties.  A 
discount  factor  of  10%  was  selected.  Social  supply  costs 
were  based  on  30,0(X)  bbl/d  commercial  SAGD  plants  with 
lifetimes  of  30  years. 

It  should  be  noted  that  the  commercial  predictions  are 
based  on  assumptions  intended  only  to  provide  a  reasonable 
basis  for  comparison.  The  supply  costs  calculated  are  used 
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in  this  study  to  rank  alternatives  founded  on  similar  assump- 
tions. They  should  not  be  construed  as  predictions  of  project 
economics  or  viability.  A  number  of  economic  factors 
normally  considered  by  ccnnpanies  in  evaluating  the 
potential  profitability  or  viability  of  individual  projects 
were  intentionally  omitted  as  beyond  the  scope  of  the  study; 
these  include  royalties,  tax  implications,  cash  flow,  and 


Figure  2.1  —Alberta  OU  Sands 


return  on  mvestment.  Likewise,  no  consideration  was  given 
to  potential  impacts  on  government  revenues.  It  should  also 
be  noted  that  this  study  considered  only  bitumen  produc- 
tion; no  value  was  assigned  to  gas  production.  A  complete 
description  of  the  economic  calculations  and  the  cost-related 
assumptions  is  given  in  Appendix  B. 


6  Possible  Effects  of  Gas  Caps  on  S AGD  Performance 


3.0  Background 


The  Steam  Assisted  Gravity  Drainage  (SAGD)  process 
developed  and  tested  at  the  UTF  in  the  Athabasca  oil  sands 
(Figure  2.1)  is  showing  significant  economic  potential, 
particularly  in  confined  oil  sands  with  reasonable  net  pay 
and  overburden  thickness.  The  process  uses  two  horizontal 
wells:  a  producer  near  the  bottom  of  the  reservoir  and  an 
injector  5-10  m  above  the  injector.  At  start-up,  steam  is 
injected  down  the  tubing  of  both  the  injector  and  producer 
and  returns  along  the  annulus  inside  the  casing  to  heat  the 
wellbore  area.  Once  fluid  flow  is  estabUshed  between  the 
two  wells,  the  producer  is  converted  to  production  while  the 
injector  continues  to  inject  steam,  filling  the  pore  space 
vacated  by  the  bitumen.  As  the  bitumen  drains  to  the  lower 
well  by  the  force  of  gravity,  a  bitumen-depleted  zone  or 
steam  chamber  forms  as  shown  in  Figure  3.1. 

The  UTF  project  was  initiated  by  the  Alberta  Oil  Sands 
Technology  and  Research  Authority  (AOSTRA)  in  1982 
with  a  series  of  design  studies  employing  a  system  of  shafts 
and  tunnels  to  provide  access  to  the  oil  sands  and  a  safe 
work  environment  for  effective  testing  of  in  situ  recovery 
processes.  In  1986,  AOSTRA  made  a  further  conmiitment  to 


test  the  SAGD  process  in  Phase  A  of  the  UTF  project.  The 
mine  access  facilities  were  completed  and  a  custom  drilling 
rig  was  fabricated,  field  tested,  and  reassembled  in  the 
underground  tunnel  to  drill  the  horizontal  test  wells. 

During  the  next  two  years,  Phase  A  well  tests  proved 
highly  successful.  The  SAGD  process  demonstrated  a 
commercially  viable  combination  of  production  rates, 
steam/oil  ratios,  and  ultimate  recoveries.  Hence,  in  1989,  the 
Phase  B  SAGD  test  program  was  initiated  by  AOSTRA. 
Phase  B  was  designed  to  confirm  the  necessary  drilling 
accuracy  and  scale-up  performance  using  three  commercial- 
length  well  pairs  of  600  m  (500  m  horizontal  section).  The 
three  well  pairs  were  spaced  70  m  apart,  each  well  pair 
consisting  of  a  production  well  at  the  base  of  the  oil  sands 
and  a  steam  injection  well  about  5  m  above  the  production 
well. 

The  Phase  B  weUs  were  steamed  and  produced  in  a 
warm-up  phase  from  October  1991  to  April  1992  using  the 
smaller  Phase  A  steam  plant.  The  construction  of  the  larger 
Phase  B  surface  process  facility  was  completed  during  the 
fall  of  1992.  By  early  1994,  total  production  in  excess  of 


Figure  3.1  —  Steam  Assisted  Gravity  Drainage  Process 
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300     per  day  (2000  bbl/d)  was  reached,  above  original 
forecasts.  In  late  1995,  two  additional  horizontal  well  pairs 
were  drilled  from  the  surface,  demonstrating  the  technical 
capability  to  access  to  the  buried  oil  sand  without  resorting 
to  tunnels  (Figure  3.2).  These  wells  were  then  tied  into 
expanded  process  facilities  at  the  surface  and  started  up  in 
April  1996. 

Due  to  the  success  of  the  Phase  A  and  B  wells,  the 
"Commercial  Plant  Study  for  the  AOSTRA  Underground 
Test  Facility"  was  conducted  in  1994.  This  study  was  an 


assessment  of  the  economic  potential  of  S  AGD  for  exploita- 
tion of  the  Athabasca  oil  sands.  The  study  concluded  that 
SAGD  technology  could  be  applied  on  a  commercial  basis. 
As  a  result  of  the  positive  results  from  the  UTF  project,  the 
technology  is  being  considered  for  application  at  other 
locations  within  the  Athabasca  McMurray  Formation. 
Additional  SAGD  operations  are  underway  in  the  Cold  Lake 
oil  sands  (Burnt  Lake  and  Wolf  Lake  in  the  Clearwater 
Formation)  and  one  in  a  Lower  Cretaceous  heavy  oil 
reservoir  at  Senlac,  Saskatchewan,  in  the  Lloydminster  area. 


Figure  3.2  —  Conceptual  Diagram  of  the  Surface-Access  Dued-Wett-Pair  SAGD  Process 


8  Possible  Effects  of  Gas  Caps  on  SAGD  Performance 


4.0  Methodology 


4.1  Simulation  of  the  SAGD  Process 

The  CMG  STARS  version  95.10  and  96  advanced 
process  reservoir  simulators  used  in  this  study  were  pro- 
vided by  the  Computer  Modelling  Group  (CMG).  STARS 
was  developed  to  simulate  thermal/chemical  processes 
including  steam  flooding,  steam  cycling,  steam-with- 
additives,  dry  and  wet  combustion,  and  others,  at  both  the 
field  and  the  laboratory  scale.  For  this  study,  the  128  MB 
RAM  version  was  used  due  to  the  large  number  of  grid 
blocks  and  fluid  components  needed  to  predict  field-scale 
performance  of  the  SAGD  process. 

The  SAGD  production  profile  consists  of  several 
distinct  phases.  These  phases  are  described  below  in  terms 
of  idealized  steam  injection  and  bitumen  production 
profiles,  shown  in  Figure  4.1. 

Wellbore  heat-up  and  communication  —  In  an  actual 
SAGD  installation,  steam  is  circulated  in  both  the  injection 
and  production  wells  by  injecting  down  the  tubing  and 
producing  hot  water  (condensed  steam)  back  along  the  well 
annulus  between  the  tubing  and  the  liner  and  casing.  This 
corresponds  to  A  in  Figure  4.1.  In  the  simulator,  "heaters" 
are  used  to  provide  the  heat  flux  equivalent  to  the  steam  that 
would  have  been  injected  during  a  normal  field  start-up.  The 
numerical  values  for  the  heat  flux  used  in  the  model  were 
determined  from  UTF  field  performance.  The  circulating 
pressure  in  the  injection  well  is  maintained  slightly  higher 


than  in  the  production  well.  Oil  sands  between  the  injector 
and  the  producer  are  heated  by  conduction,  reducing  the 
viscosity  of  the  bitumen.  Bitumen  begins  to  flow  from  the 
injector  to  the  producer  as  a  result  of  the  pressure  differen- 
tial and  gravitational  force.  The  injector  well  is  then 
converted  gradually  to  steam  injection  and  the  producer  to 
production.  This  process  takes  several  months. 
Vertical  steam  chamber  development  —  This  phase  begins 
with  conmiunication  between  the  two  wells.  With  time, 
conmiunication  between  the  wells  develops  along  their 
entire  length  and  the  steam  chamber  grows  vertically.  As  the 
steam  chamber  grows  vertically,  the  rate  of  bitumen 
production  increases  and  generally  peaks  when  the  steam 
chamber  reaches  the  top  of  the  pay  zone.  This  stage  corre- 
sponds to  B  in  Figure  4.1.  Depending  on  formation 
thickness  and  the  quality  of  the  oil  sand,  it  takes  from  1  to  3 
years  from  start-up  to  reach  this  stage. 

Breakthrough  —  This  term  is  used  describe  the  phenom- 
enon that  occurs  when  the  rising  steam  chamber  comes 
in  contact  with  the  gas  cap.  A  period  of  steam  chamber 
pressure  adjustment  occurs  as  the  chamber  approaches 
the  gas  cap.  If  the  steam  chamber  pressure  is  higher  than 
in  the  overlying  gas  cap,  it  is  believed  that  the  steam 
will  displace  and  work  through  the  bitumen  between  the 
chamber  and  the  gas  cap.  In  the  process  of  heating  the 
gas  sand  and  the  gas  and  connate  water  in  the  sand,  the 


t 


Steam  Injection 


Time 


Figure  4.1  —  Idealized  SAGD  Steam  Injection  and  Bitumen  Production  Profiles 
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steam  condenses,  creating  a  zone  of  displaced  bitumen, 
residual  gas,  and  steam  condensate  ahead  of  the 
advancing  steam.  This  mixture  of  gas,  bitumen,  and 
steam  condensate  is  expected  to  act  as  a  partial  plug  and 
restrict  the  movement  of  steam  into  the  gas  cap, 
particularly  in  thinner  gas  caps.  In  order  to  optinuze 
project  economics,  steam  injection  rates,  which  are 
normally  adjusted  to  maintain  steam  chamber  pressure, 
would  not  be  increased  in  the  case  of  steam  loss  to  a  gas 
c^.  Instead,  the  chamber  pressure  would  be  allowed  to 
decline  to  an  optimum  level  considering  bitumen 
production  rate  and  steam  loss  to  the  gas  cap. 
Lateral  steam  chamber  development  — Although  some 
lateral  development  of  the  steam  chamber  occurred  during 
the  previous  phase,  it  ccmtinues  until  adjacent  chambers 
merge  into  one  another.  As  shown  in  the  figure,  the  bitumen 
(oil)  production  rate,  although  maintained  relatively  high, 
may  decline  slightiy.  The  steam  requirement  may  increase 
slightly  as  the  chamber  spreads  and  heat  losses  to  the 
overburden  increase.  The  merging  of  adjacent  well  patterns 
corresponds  to  C  in  Figure  4.1. 

Wind-down  —  Once  the  steam  chambers  have  merged,  the 
average  bitumen  drainage  height  begins  to  decrease, 
resulting  in  a  declining  rate  of  bitumen  production.  The 
steam/oil  ratio  increases  and,  eventually,  the  well  operation 
becomes  uneconomic  due  a  low  bitumen  production  rate. 
The  wind-down  phase  is  represented  by  the  portion  of  the 
curve  between  C  and  D  in  Figure  4.1 .  Steam  injection  may 
be  discontinued  at  some  point  during  the  wind-down  phase 
to  optimize  project  economics. 

Simulation  of  wellbore  and  reservoir  interactions  such 
as  wellbore  heat  losses  and  frictional  effects  was  not 
considered  necessary.  The  simpler  source-sink  approach  was 
used  to  represent  injection  and  production  wells. 

The  average  well  recovery  factor  was  calculated  by 
dividing  the  total  bitumen  produced  during  the  economic 
well  life  (discussed  later)  by  the  original  bitumen  in  place 
associated  with  the  well  length  and  a  90  m  spacing  between 
well  pairs.  In  simulations  of  gas  cap  effects,  this  methodol- 
ogy results  in  higher  recovery  from  the  outside  wells  where 
bitumen  is  drained  from  beyond  the  well  spacing  area.  The 
magnitude  of  this  recovery  difference  is  in  the  order  of  3-4% 
for  the  outside  well  compared  to  the  inner  wells.  Recovery  is 
therefore  given  on  an  average  well  basis.  In  addition,  no 
reduction  in  recovery  was  assigned  to  reserves  between 
patterns,  conmiercial  projects,  or  non-developed  areas. 


Steam  vapour  withdrawal  is  detrimental  to  SAGD 
economics  and  the  producer  must  be  choked  back  to 
minimize  this.  To  prevent  steam  from  escaping  from  the 
steam  chamber  to  the  producer,  the  injection  and  production 
rates  are  balanced  to  maintain  a  small  head  of  liquid  above 
the  production  well.  This  is  typically  referred  to  as  a  "steam 
trap"  or  "sub-cool"  control.  Experience  from  the  UTF  mine- 
access  SAGD  wells  has  shown  that  optimal  production 
requires  sub-cool  temperatures  between  5°C  and  lOT. 

4.2  Commercial  Predictions 

The  economic  life  for  the  average  well  pair  was 
determined  by  calculating  the  net  bitumen  revenue  and 
affordable  steam  cost  (shown  in  more  detail  in  Appendix  A). 
In  other  words,  when  the  net  bitumen  revenue  becomes  less 
than  the  total  cost  of  the  steam,  fluid  treatment,  and  well- 
pair  operation,  the  well  pair  becomes  uneconomic  and  is 
shut  in.  Well  pair  drilling  schedules  were  prepared,  based  on 
well-pair  simulated  injection  and  production  forecasts,  to 
supply  a  30,000  bbl/d  plant  for  30  years.  A  common 
scenario  was  used  in  each  of  the  conunercial  simulations  to 
maintain  the  plant  at  its  bitumen  capacity  for  the  first  25 
years.  As  plant  production  declined  below  a  predetermined 
value,  new  well  pairs  were  added.  This  scenario  is  described 
in  Appendix  B.  Conunercial  plant  economics  were  not 
optimized  and  results  should  be  considered  somewhat 
pessunistic.  Steam  chamber  operating  pressure,  well 
spacings,  and  wind-down  timing  (the  time  at  which  steam 
injection  to  specific  well  pairs  is  discontinued)  are  aspects 
that  should  be  investigated. 

4.3  Supply  Cost  Model 

A  simple  social  supply  cost  model,  developed  by  the 
Research  and  Technology  Branch  of  the  Department  of 
Energy  for  use  in  a  number  of  previous  studies,  is  described 
in  more  detail  in  Appendix  B  and  was  used  for  each  case. 
The  discounted  social  supply  cost  of  bitumen,  often  referred 
to  as  social  supply  cost  or  supply  cost  in  this  report,  is 
obtained  by  dividing  the  discounted  capital  and  operating 
costs  (excluding  royalties  and  taxes)  by  the  discounted 
bitumen  volume.  The  gas  cost  was  assumed  to  be  $2.20/GJ 
and  a  discount  factor  of  10%  was  used  for  all  cases. 
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5.0  Effect  of  Gas  Cap  Depletion  on  SAGD  Performance: 
Athabasca  McMurray  Formation 


The  intent  of  this  portion  of  the  study  is  to  provide  an 
understanding  of  the  effectiveness  of  the  SAGD  process  in 
the  Athabasca  McMurray  Formation  with  various  associated 
gas  cap  thicknesses  at  different  reservoir  pressures.  The 
pressures  were  varied  to  determine  the  effect  in  each  model 
of  lower  reservoir  pressure  as  a  result  of  gas  production. 

5.1  Geology 

The  McMurray  Formation  in  the  area  of  the  UTF  has 
been  well  documented.  A  reference  log  section  of  the 
McMurray  oil  sand  is  shown  on  Figure  5.1.  The  formation 
at  the  UTF  is  approximately  37  m  thick  with  rich  oil  sands 
comprising  the  lower  15-20  m.  The  pay  zone  is  separated  by 
several  shaly  zones  up  to  1.7  m  thick.  It  has  been  reported 
that  these  shales  are  either  breccias  or  bioturbated  shales  that 
have  not  significantly  limited  vertical  communication 
within  the  rich  pay  zone. 

The  horizontal  and  vertical  absolute  permeabilities  at 
the  UTF  site  are  up  to  10  and  5  Darcies,  respectively.  The 
oil  sands  also  contain  a  relatively  high  bitumen  saturation — 
greater  than  10  mass  per  cent  bitumen.  The  combination  of 
high  permeability  and  oil  saturation  and  the  absence  of  a 
water  or  gas  cap  made  the  UTF  site  a  good  candidate  for 
development  of  SAGD  technology. 

5.2  Bitumen  Resource 

The  Lower  Cretaceous  Wabiskaw/McMurray  strati- 
graphic  interval  contains  approximately  142  billion  m^  (892 
billion  bbl)  bitumen  in  the  Athabasca  oil  sands  area,  with  the 
McMurray  Formation  containing  most  of  the  resource.  The 
technical  paper,  "Applicability  of  the  SAGD  Process  to  the 
McMurray/Wabiskaw  Deposit  Athabasca  Oil  Sands  Area," 
by  B.  Anderson  et  al.  stated  that  over  100  townships  meet 
reasonably  strict  geological  criteria  where  SAGD  recovery 
technology  could  be  applied.  This  study  was  based  on  a 
review  of  four  wells  per  township  by  the  Alberta  Geological 
Survey  (AGS)  and  does  not  address  local  heterogeneity.  The 
study  assumed  a  minimum  overburden  of  30  m,  continuous 
6  (or  greater)  mass  per  cent  bitumen,  and  no  shale  stringers 
greater  than  2  m.  It  was  determined  that  56  billion  m^  of 
bitumen  may  be  economically  exploitable  using  SAGD 
technology. 

5.3  Well-Pair  Performance  Simulations 

5.3.1  Model  Selection 

Numerous  detailed  reservoir  simulation  studies  have 
been  conducted  for  the  UTF  and  have  led  to  a  proven  model 
for  the  McMurray  oil  sand  at  that  site.  For  the  purposes  of 
this  study,  the  sand  properties  at  the  UTF  are  considered 


typical  for  Athabasca  McMurray  oil  sands  and  the  basic 
model  has  been  used  in  this  study  as  the  base  case.  Since  the 
UTF  model  did  not  contain  a  gas  cap,  modifications  to  the 
model  were  necessary  to  study  the  effect  of  gas  cap  pressure 
on  recovery  and  social  supply  costs. 

A  number  of  model  configurations  were  tried  in  an 
effort  to  realistically  represent  the  effect  of  a  gas  cap.  Early 
simulation  attempts  used  a  modified  UTF  single  half- well 
pair  model.  The  gas  cap  pressure  was  simulated  by  placing  a 
constant-pressure  horizontal  well  diagonally  and  90  m  away 
from  the  well  pair  within  the  gas  cap.  Results  for  the  single- 
well  pair  model  were  optimistic  because  the  180  m  well-pair 
drainage  area  affected  the  production  forecast.  Subsequent 
attempts  to  represent  inner,  middle,  and  outer  well  perfor- 
mance by  varying  the  gas  withdrawals  were  unsuccessful.  A 
multi-well  pair  model,  although  more  complex,  and  having  a 
larger  number  of  grids,  was  ultimately  selected. 

5.3.2  Model  Description 

The  multi-well  pair  3D  model  selected  for  this  portion 
of  the  study  was  developed  from  a  version  of  AOSTRA's  2D 
UTF  model  as  discussed  in  Appendix  C.  The  3D  model  has 
two  layers  in  the  j-direction,  a  "short  circuit  layer"  of  100  m 
followed  by  a  longer  layer  of  400  m,  and  matches  the  UTF 
performance.  The  short  circuit  layer  has  higher  permeability 
than  the  longer  or  regular  layer.  The  model  contains  two  and 
one-half  500  m  long  well  pairs  spaced  90  m  apart  as  shown 
in  Figure  5.2.  Descriptions  of  the  pettophysical  properties  of 
the  models,  which  are  essentially  the  same  as  used  for  the 
bitumen  pay  section  in  previous  UTF  models,  are  provided 
in  Table  5.1.  The  base  case  (no  gas  cap)  contains  24  m  of 
bitumen  pay  represented  by  twelve  2  m  grid  blocks  in  the 
vertical  direction.  The  gas  cap  was  modelled  by  extending 
the  upper  layer  by  2.5  m  grid  blocks  as  required  to  obtain  5 
m  and  10  m  gas  cap  thicknesses.  The  initial  gas  and  water 
saturation  in  the  gas  cap  were  set  at  80%  and  20%,  respec- 
tively. The  model  was  extended  laterally  to  549  m  or  180 
grid  blocks.  A  pressure  sink  was  modelled  by  placing  a 
horizontal  well  in  the  gas  cap  approximately  367  m  laterally 
from  the  outside  well  pair.  The  pressure  sink  well  in  the  gas 
cap  maintained  a  constant  back  pressure  equal  to  the  initial 
reservoir  pressure  to  eliminate  pressure  buildup  in  the  model 
and  to  simulate  a  large  associated  gas  cap  where  fluid  leak- 
off  from  the  model  could  occur. 
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5.3.3  Simulation  Results 

The  following  cases  were  simulated  in  this  portion  of 
the  study: 


Gas  Can 

High  Initial 

Low  Initial 

Thickness 

Reservoir  Pressure 

Reservoir  Pressure 

(m) 

(1800  kPa) 

(550  kPa) 

0 

/ 

/ 

5 

/ 

10 

/ 

10'* 

All  cases  have  24  m  of  bitumen  pay. 
*    Denotes  cases  using  reduced  steam  injection  pressure  and  rate 

after  1  year  from  start-up. 
■t-   Denotes  cases  using  2D  and  3D  models. 


Simulation  output  performance  curves  showing 
reservoir  pressure,  steam  injection  rates,  and  bitumen  and 
water  production  rates  for  each  case  are  included  in  Appen- 
dix D.  This  output  for  each  of  the  2.5  well  pairs, 
summarized  on  an  average  well-pair  quarterly  basis  and  used 
as  the  uiput  data  for  further  economic  analysis,  is  shown  in 
Figures  5.3  to  5.12  and  sumniarized  in  Table  5.2. 

As  steam  injection  is  initiated  in  the  reservoir,  the  steam 
rate  increases  and  the  steam  chamber  grows  vertically  and 
laterally.  The  steam  in  the  short  circuit  layer  reaches  the 
overlying  gas  cap  earlier  than  in  the  regular  layer.  Once  the 
steam  reaches  the  top,  heat  losses  begin  and  the  steam  rate 
reaches  a  maximum  due  to  differences  between  the  steam 
mobility  in  the  bitumen  zone  and  its  mobility  in  the  gas 
zone.  However,  the  steam  also  mobilizes  bitumen  near  the 
gas  cap  and  displaces  it  into  the  gas  cap.  The  mobility  of  the 
steam  decreases  as  a  partial  plug  is  formed  by  the  cooling 
bitumen.  With  time,  the  steam  chamber  in  the  regular  layer 
also  reaches  the  gas  cap  and  a  similar  sequence  of  events,  as 
explained  earlier,  is  repeated.  Hence,  the  steam  rate  increases 
and  the  peak  extends  over  a  longer  time  because  the  regular 
layer  is  four  times  longer  than  the  short  circuit  layer.  The 
steam  also  spreads  laterally,  allowing  merging  of  the  inner 
and  middle  steam  chambers.  As  the  steam  rate  declines  in 
the  inner  and  the  middle  well  pairs,  it  remains  high  in  the 
outer  well  pairs  and  steam  continues  to  be  lost  to  the  gas 
cap. 

The  well  pair  configuration  is  very  important  in 
attempting  to  understand  gas  cap  effects  on  SAGD  perfor- 
mance. The  inner  and  outer  well  pair  performance  can  be 
modelled  by  using  2.5  well  pairs.  The  inner  steam  chamber 
is  pressure-supported  from  the  adjacent  middle  steam 
chamber.  Similarly,  the  middle  steam  chamber  is  pressure- 
supported  (to  a  lesser  degree)  from  the  outer  steam  chamber. 
The  outer  steam  chamber  has  no  significant  pressure  support 
and  loses  steam  to  the  gas  cap.  Due  to  the  partial  plugging 


and  some  pressure  support,  the  steam  rates  for  the  inner  and 
middle  wells  decrease  whereas  the  outer  well  continues  to 
lose  steam. 

It  was  found  that  the  well-pair  forecasts  illustrate  that, 
with  the  exception  of  the  10  m  depleted  gas  cap,  the  bitumen 
production  rates  are  similar,  in  the  order  of  90  to  1(X)  mVd. 
The  stable  steam/oil  ratios  were  higher  for  all  gas  cap  cases, 
particularly  for  the  10  m  gas  caps.  Steam  injection  rates 
were  reduced  in  reruns  of  the  10  m  gas  cap  cases,  which 
lowered  the  SOR  to  a  more  acceptable  level;  however, 
bitumen  production  rates  and  recovery  were  reduced. 

The  water  or  the  condensate  production  from  the 
producing  wells  follows  the  steam  rate  profile  to  some 
extent.  Initially,  the  water  production  from  the  inner  well 
increases  with  a  rising  steam  rate.  Once  the  steam  escapes  to 
the  gas  cap  in  the  short  circuit  layer,  the  water  production 
drops  sharply  and  then  begins  to  increase.  The  water 
production  increases  with  the  steam  rate  until  steam 
breakthrough  occurs  in  the  regular  layer.  The  middle  well- 
pair  water  production  follows  a  similar  trend  initially. 
However,  condensed  steam  from  the  inner  well  may 
increase  (rather  than  decrease)  water  production  in  the 
middle  well.  This  is  also  shown  in  the  water  production 
trend  in  the  outer  well. 

The  oil  production  rate  increases  corresponding  to  a 
drop  in  water  production  rate.  This  may  be  due  to  an 
increased  steam-bitumen  contact  in  the  reservoir.  The 
condensate  may  be  "shielding"  the  bitumen  and  reducing  its 
exposure  to  steam.  However,  with  a  constant  steam  rate  and 
decreased  condensate  rate,  more  bitumen  would  be  exposed 
to  the  steam. 

Several  sensitivity  studies  were  performed  because  of 
various  possibilities  in  designing  a  well  operating  scheme. 
The  10  m  depleted  gas  cap  case  with  steam  reduction  to 
1000  kPa  was  selected  to  evaluate  the  effect  of  removing  the 
"short  circuit  layer,"  making  a  2D  rather  than  a  3D  model, 
and  the  effect  of  steam  chamber  pressure  relative  to  the  gas 
c^  pressure  as  it  relates  to  steam  loss. 

The  combined  properties  in  the  short  circuit  and  regular 
j -layers  of  the  3D  model  were  selected  to  match  UTF 
performance  yet  provide  the  ability  to  study  early  break- 
through. Modelling  with  2D  using  the  regular  layer  showed 
less  than  a  2%  decrease  in  cumulative  production  in  a  half- 
year  longer  time  period.  The  CSOR  was  increased  from  3.38 
for  the  original  3D  configuration,  to  a  value  of  3.53  for  the 
2D  case.  Although  it  was  expected  that  the  2D  reservoir 
would  be  poorer,  the  small  magnitude  of  the  difference  is 
surprising. 

In  a  comparison  using  the  10  m  depleted  gas  cap  cases 
with  and  without  steam  reduction  at  the  end  of  the  first  year, 
the  reduced-steam  case  produces  an  8.4%  increase  in 
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recovery  and  almost  a  39%  reduction  in  cumulative  steam 
requirements.  The  operating  life  for  the  pressure-reduced 
case  is  increased  by  4.25  years. 

Operating  the  10  m  depleted  gas  cap  case  with  a  steam 
chamber  pressure  equivalent  to  the  gas  cap  pressure  of  550 
kPa  after  one  year  minimizes  steam  requirements  and  steam 
loss.  Recovery,  however,  is  significantly  reduced  to  roughly 
41%  and  the  operating  life  is  extended  by  1.25  years 
compared  to  the  original  case. 

5.4  Commercial  Project 

The  conunercial  plant  well  drilling  and  tie-in  schedule 
and  resulting  bitumen  and  water  production  and  steam 
injection  rates  are  sununarized  for  each  case  in  Figures  5.13 
to  5.22.  The  number  of  well  pairs  required  to  maintain  the 
plant  at  capacity  depends  on  the  bitumen  production  rates 
per  well  pair  and  varies  from  202  for  the  base  case  to  408  for 
the  10  m  depleted  gas  cap  case  operated  at  550  kPa. 

The  commercial  plant  forecast  including  the  major 
capital  and  operating  costs  is  provided  in  tables  in  Appendix 
D.  The  costs  are  presented  for  each  case  in  undiscounted 
1995  dollars  on  a  yearly  basis  for  the  project  life  of  30  years. 

5.5  Social  Supply  Cost 

The  social  supply  cost  results  for  the  10  cases  are 
provided  in  Table  5.2.  The  table  gives  major  operating  costs 
and  capital  costs  and  a  production/injection  sunmiary  and 
recovery  for  each  case.  The  recovery  and  social  supply  costs 
are  also  summarized  in  Figures  5.23,  5.24,  and  5.25.  In 
summary,  social  supply  costs  are  closely  related  to  CSOR 
and  are  strongly  affected  by  steam  loss  to  the  gas  caps.  For 
cases  without  gas  caps,  the  social  supply  costs  of  bitumen 
are  very  similar  at  $9.12  and  $9.15/bbl  for  the  non-depleted 
and  depleted  cases,  respectively.  The  non-optimized  5  m, 
non-depleted  and  depleted  gas  caps  give  supply  costs  of 
$9.83  and  $10.25/bbl,  respectively.  The  social  supply  costs 
for  the  10  m  gas  cap  cases  range  from  $9.32/bbl  for  a  no- 
steam  leak-off  case  to  $12.99/bbl  for  the  case  with  the 
highest  steam  leak-off. 

The  UTF  commercialization  study  reported  the  base 
case  supply  cost  as  $7.63/bbl.  The  higher  supply  cost  for 
this  study  is  supported  by  the  differences  between  the  two 
studies.  In  the  conmiercialization  study,  the  steam  injection 
was  suspended  after  50%  to  70%  of  the  reserves  had  been 
recovered  and  the  steam  chamber  was  blown  down  until  the 
economic  limit  was  reached.  In  this  study,  the  steam  was 
injected  until  the  well  pair  economic  limit  was  reached.  By 
operating  the  wells  in  this  manner,  bitumen  recovery  was 
maximized  although  the  additional  steam  is  less  efficient 
and  increases  the  supply  cost. 
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5.6  Athabasca  Gas  Effects  Summary 

Social  supply  cost  and  bitumen  recovery  per  well  pair 
are  the  two  factors  used  to  determine  the  effect  of  associated 
gas  pressure  depletion.  These  factors  are  suirmiarized  as 
follows  and  plotted  in  Figures  5.23,  5.24,  and  5.25. 

A 10  m  gas  cap,  studied  most  extensively,  indicates  less 
bitumen  plugging  than  observed  in  the  5  m  gas  caps.  In  the 
non-depleted  case,  the  lowest  social  supply  cost  and  highest 
bitumen  recovery  of  $9.04  per  barrel  of  bitumen  and  79%, 
respectively,  are  obtained  when  steam  leak-off  is  minimized. 
In  the  depleted  case,  the  social  supply  cost  is  lowest  at  $9.32 


per  barrel  of  bitumen  when  steam  leak-off  is  minimized. 
Recovery,  however,  is  very  low,  at  only  41%.  By  operating 
at  a  steam  chamber  pressure  of  1000  kPa  compared  to  a  gas 
cap  pressure  of  550  kPa,  recovery  is  maximized  at  about 
69%  at  a  social  supply  cost  of  $10.53  per  barrel  of  bitumen. 
In  summary,  it  appears  that  depletion  of  thick  gas  cap 
pressures  in  Athabasca  where  the  gas  cap  is  in  direct  contact 
with  bitumen  may  result  in  a  loss  of  recovery  of  about  10% 
and  an  increase  in  social  supply  cost  up  to  $1.50  per  barrel 
of  bitumen. 


Gas  Cap 

Initial 

Steam 

Social 

Recovery 

CDOR 

Cum.  SOR 

Thickness 

Reservoir  Pressure 

Chamber 

Supply 

(%) 

(mVd) 

(m) 

(kPa) 

Pressure 

Cost 

(kPa) 

($/bbl) 

0 

550 

2600 

9.15 

81 

80 

2.7 

10*a 

550 

1000 

12.25 

68 

44 

3.53 

5 

550 

2600 

10.25 

80 

72 

3.5 

5 

1,800 

2600 

9.83 

80 

75 

3.2 

10 

550 

2600 

12.99 

63 

69 

5.1 

0 

1,800 

2600 

9.12 

82 

79 

2.7 

10 

1,800 

2600 

10.62 

76 

76 

3.6 

10** 

550 

1000 

10.53 

69 

47 

3.4 

10*" 

550 

550 

9.32 

41 

25 

1.91 

10*^ 

1,800 

1800 

9.04 

79 

71 

2.6 

All  cases  have  24  m  of  bitumen  pay. 
Denotes  reduced  steam  cases. 

♦  Denotes  case  where  steam  injection  pressure  was  reduced  to  1000  kPa  after  1  year  of  operation. 
■  Denotes  case  where  steam  injection  pressure  was  reduced  to  1875  kPa  after  1  year  of  operation. 

♦  Denotes  case  where  steam  injection  pressure  was  reduced  to  550  kPa  after  1  year  of  operation, 
a  Denotes  case  where  j=l  was  removed.  (2D  model). 
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AA/10-34-73-8W4M 
KB  704.4m 


Figure  5.1  — Athabasca  Oil  Sands  Area  Reference  Well 
Cretaceous  Section 
PEX  KIRBY  EX  10-34-73-08W4M 
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ATHABASCA  MCMURRAY  FORMATION 
RESERVOIR  PARAMETERS  FOR  3D  MODEL 


J=2(400m)  -"^mmt^^^^  J=1(100m) 


GRID 
NO 

Phi 

rill 

Sw 

www 

So 

Ki=Ki 

Kk 

Phi 
Fill 

Sw 

WW 

So 

Ki=Ki 

Kk 

13-? 

0.30 

0.20 

0.00 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

12 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

11 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

10 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.26 

0.75 

2000 

200 

9 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

8 

0.35 

0.15 

0.85 

10000 

2500 

0.30 

0.25 

0.75 

2000 

200 

7 

0.35 

0.15 

0.85 

10000 

2500 

0.36 

0.16 

0.85 

10000 

5000 

6 

0.30 

0.25 

0.75 

2000 

200 

0.35 

0.16 

0.85 

10000 

5000 

5 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

4 

0.30 

0.25 

0.75 

2000 

200 

0.35 

0.15 

0.85 

10000 

5000 

3 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

2 

0.35 

0.15 

0.85 

10000 

2500 

0.36 

0.15 

0.85 

10000 

5000 

1 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

2m  grid  blocks  in  the  k  direction 
Table  5.1 
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MULTI  WELL  PAIR  MODEL  i=2  (4oom) 


Figure  5.2  —  Schematic  of  3D  Multi-WeU-Pair  Model 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  0  m  Depleted  Gas  Cap 


-  Bitumen  Rate 
Steam  Rate 
Water  Rate 
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Economic  Limit  (yrs)  =  8 
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Figure  5.3 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  0  m  Non-depleted  Gas  Cap 
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Economic  Limit  (yrs)  =  8.25 


Figure  5.4 


Possible  Effects  of  Gas  Caps  on  SAGD  Performance  19 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -5m  Depleted  Gas  Cap 
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Figure  5.5 

AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  5  m  Non-depleted  Gas  Cap 
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Figure  5.6 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap 
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Figure  S.7 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Non-depleted  Gas  Cap 
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Figure  5.8 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  10  m  Depleted  Gas  Cap  -  OPT  (1000  kPa) 


Figure  5.9 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Non-depleted  Gas  Cap  -  OPT  (1800  kPa) 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap  (Injection  reduced  to  550  kPa  after  1  yr) 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap  -  OPT  (2D) 
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PLANT  FORECAST 
Athabasca  McM urray  -  0  m  Depleted  Gas  Cap 


Production 
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F^ureS.13 
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Athabasca  M cMurray  -  0  m  Non-depleted  Gas  Cap 
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Figure  5.14 
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PLANT  FORECAST 
Athabasca  McMurray  -  5  m  Depleted  Gas  Cap 
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PLANT  FORECAST 
Athabasca  McMurray  -5m  Non-depleted  Gas  Cap 
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Figure  5.16 
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PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap 
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PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Non-depleted  Gas  Cap 
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Figure  5.18 
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PLANT  FORECAST 
Athabasca  McMiuray  - 10  m  Depleted  Gas  Cap  -  OPT  (1000  kPa) 


on  Production 


0  5  10  15  20  25  30 

Year 

F^ureS.19 


PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Non-depleted  Gas  Cap  -  OPT  (1800  kPa) 
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Figure  5.20 
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PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap  (Injection  reduced  to  550  kPa  after  1  yr) 
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Figure  5.21 
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PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Depleted  Gas  Cap  -  OPT  (2D) 
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Figure  5.22 
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Figure  5,23 


Athabasca  McMurray  Gas  Effect  Study 
Recovery  vs.  Gas  Cap  Size 
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6.0  Effect  of  Gas  Cap  Depletion  on  SAGD  Performance: 
Cold  Lake  Clearwater  Formation,  Wolf  Lake 


Tbe  piiTpose  of  tbis  portkm  of  tbe  study  is  to  provide  an 
UBd^tandiBg  oi  tbe  effectiveness  of  the  SAGD  process  in 
the  Clearwater  Foimation  at  Wolf  Lake  with  various 
assod^ed  gas  cap  thicknesses  at  different  reservoir  pres- 
sures. Hie  reservoir  pcessiHes  were  varied  to  determine  the 
effects  of  low^  pressures  resulting  from  gas  production. 

6.1  Geology 

Wolf  Lake  is  one  of  several  fields  within  the  Cold  Lake 
fflea  (Twp  61-68,  Rges  2-6  W4M).  The  Wolf  Lake  field  is 
the  farthest  west  within  the  air  weapons  range  and  is  located 
in  Twp  66,  Rge  6  W4M  (Figure  2.1).  The  oil  sands  within 
the  Cold  Lake  area  are  dispersed  through  four  main  strati- 
gr^>hic  intervals  from  2q)proximateIy  295  to  600  m.  In 
descending  ord^,  the  i»iedominant  deposits  are:  the  Upper 
and  Lower  Grand  R^ids,  the  Clearwater,  and  the 
WatHskaw/McMurray  f(xmations.  A  reference  log  is 
provided  in  Figure  6. 1 . 

Tbe  main  reservoir  unit  in  the  Clearwater  sand,  the  C3 
unit  (as  defined  by  the  operator,  Amoco  Canada  Petroleum 
Company),  is  between  9  and  25  m  thick  trending  east  to 
west  across  Amoco*s  oil  sands  lease.  Tbe  sand  has  45%  oil 
saturation  and  32%  effective  porosity.  In  the  area  of 
Amoco's  proposed  development,  the  C3  does  not  appear  to 
have  an  associated  gas  cap.  However,  the  C4/C5  units  to  the 
ncMth  do  have  a  gas  c^.  Ibe  C4/C5  units  are  the  result  of  a 
cut  through  tbe  C3/C2/C1  units  dimng  a  marine  transgres- 
sion. This  valley  is  ^^ximately  4  km  wide  and  up  to  75  m 
thick  with  local  erosions  into  the  Devonian.  Tbe  C5  and  C4 
oil  saturations  and  porosities  are  45%  and  33%  and  55%  and 
33%,  re^)ectively.  Calcite-cemented  sands  varying  1-3  m  in 
thickness  are  i»'esent  in  tbe  C2,  C3,  C4,  and  C5  but  are  not 
lat^Blly  extensive. 

6.2  Bitumen  Resource 

Tbe  C^ld  Lake  Qearwater  Fonnation  contains  ^proxi- 
mately 1 1  m^  ctf  bitumen  in  place  according  to  the  EUB's 
"Crude  Bitumen  Reserves  Atlas"  (May  1996).  According  to 
tbe  atlas,  die  tMtumen  resource  increases  towards  the 
southeast  However,  two  discrete  accumulations  are  present 
in  the  weston  area  of  the  deposit  such  that  larger  bitumen 
resources  are  concentrated  in  a  north-soutb  trend. 

63  Well-Pair  Performance  Simulations 

63.1  Model  Selecticm 

Ibe  application  of  SAGD  technology  in  the  Wolf  Lake 
area  has  not  {»eviously  been  studied  by  tbe  department  The 
reservoir  cha:acteriz^ion  of  the  region  was  obtained  frcmi 
technical  rep(^  and  well  log  and  core  data.  The  Clearwater 


Formation  interval  in  the  well,  10-31-66-5  W4M  (the  10-31 
well)  was  used  to  construct  tbe  model  used  for  the  Wolf 
Lake  study.  The  10-31  well  is  located  in  the  northern  part  of 
Amoco's  Wolf  Lake  oil  sands  lease  and  contains  as  much  as 
6.7  m  of  associated  gas  in  tbe  C1/C4  unit  The  10-31  well 
was  evaluated  by  tbe  HUB  as  being  part  of  the  Lining 
Upper  Mannville  O  Pool.  The  bitumen  zone  is  ^proxi- 
mately 70  m  thick. 

6.3.2  Model  Description 

Tbe  simulation  model  for  tbe  Wolf  Lake  Clearwater 
Formation  is  similar  to  the  multi-well  pair  model  used  in  the 
Athabasca  study.  Tbe  model  contains  2.5  well  pairs  but  with 
1000  m  horizontal  lengths  spaced  90  m  apart  The  vertical 
distance  between  injector  and  producer  is  6  m.  The  depth  to 
tbe  top  of  the  formation  is  420  m  and  the  fracture  pressure  is 
approximately  8400  kPa. 

The  Wolf  Lake  model  is  1490  m  x  1000  m  x  72  m  (base 
case)  and  was  modelled  by  a  2D  Cartesian  grid  with  the 
dimensions  145  x  1  x  36.  Petrophysical  properties  are  given 
in  Table  6.1.  Porosity  varies  from  28%  to  30%  with  the 
exception  of  three  sections  of  thin,  tight  carbonates  that 
streak  lateraUy.  Permeability  is  relatively  good,  ranging 
from  2  Darcies  at  the  base  to  8.5  Darcies  near  the  top  of  the 
oil  sand.  The  lower  third  of  tbe  oil  sand,  below  the  lower 
carbonate  streak,  has  poorer  reservoir  properties  than  the 
upper  two-thirds.  Therefore,  tbe  well  pairs  were  located 
a];p'oximately  20  m  from  tbe  base  of  the  zone,  reducing  tbe 
net  pay  above  the  producers  to  ^proximately  50  m.  The 
upper  two  streaks  are  above  the  injectors  and  are  within  30 
m  of  the  reservoir  top.  The  streaks  were  modelled  by 
laterally  alternating  6  m  of  porous  rock  separated  by  10  m  of 
non-porous  rock  within  the  90  m  well  pair  spacing. 

Based  on  the  10-31  well  logs  and  data  supplied  by 
Amoco,  the  water  saturation  varies  from  40%  to  65%.  The 
relative  penneability  curves  were  adjusted  for  each  layer  by 
setting  the  residual  water  saturation  equal  to  the  water 
saturation  to  prevent  initial  mobile  water  from  breaking 
through  to  the  gas  cap. 

Ibe  oU  viscosity  data  were  taken  from  the  Burnt  Lake 
study  and  were  determined  from  Puttagunta's  single-point 
correlation.  The  viscosity  is  less  than  that  of  tbe  Athabasca 
Mtumen  by  ai^roximately  a  factor  of  10. 

Tbe  high-pressure  (non-depleted)  and  low-pressure 
(depleted)  cases  were  run  at  initial  reservoir  pressures  of 
2500  and  650  kPa,  respectively,  based  on  data  for  gas  pools 
in  the  area.  The  high-pressure  cases  used  "live  oil"  contain- 
ing 5.7%  CH^  and  the  low-pressure  cases  used  "dead  oil." 
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Hie  gas  cap  was  modelled  by  adding  2  m  grid  blocks  to 
obtain  4  m  and  8  m  gas  caps.  The  gas  cap  consists  of  80% 
CH^^  20%  water. 

63.3  SimulaticHi  Results 

Hie  following  cases  were  nnxlelled  in  this  portion  of 
the  study: 
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AH  cases  have  af^oxknately  52  m  of  bituoien  dx>ve  the  producers. 
Denotes  cases  using  reduced  steam  injection  pressure  and/or  rate  after  2 
years  from  start  iq>. 


The  results  i<x  each  case,  including  bottomhole 
injection  pressure  and  rates  of  steam  injection,  oil  i»:oduc- 
tion,  and  water  production  are  included  in  Appendix  £.  The 
results  for  each  of  the  2.5  well  pairs  (rqx)rted  as  3  well 
pairs),  summarized  on  an  average  well  pair  quarterly  basis 
and  used  in  the  social  supply  cost  analysis,  are  provided  in 
Figures  6.2  to  6.7  and  summarized  in  Table  6.2. 

The  non-depleted  high-pressure  cases  operated  at  the 
gas  c^  pressiH-e  of  25(X)  kPa  show  rising  steam  rates  and 
bitumen  production  rates  fcH*  the  &st  6  years,  at  which  time 
the  steam  chamber  reaches  the  gas  c^.  In  the  no-gas-cap 
case,  steam  rates  then  decrease  gradually  while  in-oduction 
.  continues  to  increase  as  the  chamber  expands  laterally,  then 
both  steam  rate  and  bitumen  production  begins  dropping  in 
the  9th  year  as  the  steam  chambers  in  each  pattern  merge. 
The  4  m  and  8  m  thick  gas  cap  cases  show  progressively 
increasing  steam  injecticm  during  the  6th  to  9th  years — 
possibly  as  a  result  of  steam  loss  or  interference  with  the  gas 
c^.  In  general,  the  CDORs  and  CSORs  are  in  the  order  of 
90     per  day  and  3.3  to  3.6,  respectively,  with  recoveries  of 
about  58%. 

Performance  for  depleted  low-jn-essure  cases  operated  at 
slightly  ^ve  the  650-kPa  gas  cap  pressure  are  somewhat 
different  because  of  reduced  operating  pressure:  750  to  800 
kPa  compared  to  2500  kPa.  Production  rates  are  lower  than 
for  the  non-dq)leted  cases  at  approximately  50  m^  of 
bitumen  per  day  with  pattern  lives  in  the  order  of  30  years. 
CSORs  are  tngher,  in  the  order  of  3.9,  but  recovery  is  also 
marginally  greater  ranging  from  58%  for  the  8  m  gas  c^ 
case  to  64%  for  the  no-gas-cap  case. 


The  depleted  cases  are  more  susceptible  to  steam  losses 
due  to  a  pressure  gradient  between  the  steam  chamber  and 
the  surrounding  reserv(»r  (including  gas  c^)  whereas  the 
non-depleted  cases,  with  no  [M-essure  gradient,  are  not 
subject  to  this  effect. 

6.4  Commercial  Project 

The  commercial  plant  well  drilling  and  tie-in  schedule 
and  resulting  bitumen  and  wat^  production  and  steam 
injection  rates  are  summarized  for  each  case  in  Figures  6.8 
to  6. 13.  The  number  of  well  pairs  required  to  maintain  the 
plant  at  (or  close  to)  capacity  for  the  base  case,  4  m,  and  8  m 
gas  cap  cases  are,  respectively,  90, 92,  and  94  for  the  non- 
depleted  study  and  80, 84,  and  88  for  the  depleted  study.  As 
previously  noted,  the  de^deted  cases  have  roughly  twice  the 
pattern  life  of  the  non-depleted  cases  due  to  the  lower 
production  rates.  Tliese  longer  well  lifetimes,  in  the  order  of 
30  years,  raise  sc«ne  question  about  the  ability  to  maintain 
well  integrity  for  that  period. 

The  detailed  commercial  plant  forecast,  including  the 
major  capital  and  (grating  costs,  is  provided  in  Appendix 
E.  The  costs  are  again  presented  for  each  case  in 
undiscounted  1995  dollars  on  a  yearly  basis  for  the  project 
life  of  30  years. 

6.5  Social  Supply  Cost 

The  social  supply  cost  results  for  the  six  cases  are 
provided  in  Table  6.2.  Hie  table  gives  major  operating  costs 
and  capital  costs  and  a  production/injection  smnmary  and 
recovery  for  each  case. 

Social  supply  costs  are  relatively  high,  partly  because  of 
low  oil  saturation  in  the  reservoir,  and  vary  from  $11.07  to 
$12.65  per  barrel.  The  non-depleted  cases  have  consistently 
lower  social  supply  costs  than  their  depleted  counterparts. 
The  greatest  difference  is  for  the  base  case  which  results  in  a 
$1.02  per  barrel  difference  in  social  supply  cost  from 
depleted  and  non-depleted  reservoir  pressures.  These  results 
are  somewhat  idealized  since  the  plant  steam  capacities  in 
the  depleted  cases  are  all  over-designed  to  maintain  a  high 
bitumen  throughput  in  the  plant.  This  difficulty  stems  fr(Hn 
the  scheduling  of  wells  with  different  production  profiles 
and  pattern  lives.  The  majority  of  the  wells  required  in  the 
depleted  cases  are  on  production  early  in  the  project  and 
coital  cost  is  therefore  high  at  the  beginning  of  the  project. 
In  the  non-depleted  cases,  the  capital  cost  is  deferred  fOT  the 
additional  wells  and  payout  would  occur  sooner  for  the 
wells  driUed  due  to  higher  production  rates.  For  this  reason, 
the  discount  faaor  has  a  strong  impact  on  capital  costs. 

The  low  bottcHnhole  pressures  encountered  in  the 
dq)leted  cases  may  not  lift  the  fluids  to  the  surface.  There- 
fore, a  means  of  artificial  lift  would  likely  be  required  to 
produce  the  fluids.  The  capital  and  operating  costs  of  the 
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artificial  lift  system  would  add  to  the  supply  cost  These 
compooeiits  have  not  been  inoxporated  in  this  econcnnic 
evaluatioD. 

6.6  Clearwater  Wolf  Lake  Gas  Effects 
Summary 

nie  bitumen  recovoy  per  well  pair  and  social  supply 
cost  were  used  to  assess  the  effect  of  associated  gas  pressure 
depletion  on  SAGD  perfcHinance  and  are  plotted  in  Figures 
6.14  and  6.15  aad  summarized  below. 

The  Wolf  L^e  Clearwater  model  is  more  ccnnplicated 
than  the  Athabasca  McMunay  model.  A  proven  nKxlel  is  not 
available  and  desoiptive  reservoir  data  may  require  further 
scrutiny,  particularly  with  respect  to  relative  p^meability. 
Hie  presence  oi  carbonate  sections,  lower  horizontal 
permeability,  and  high  water  saturations  are  detrimental  to 
the  SAGD  process.  These  characteristics  are  reflected  in 
high  social  suf^ly  costs. 

Bitumen  recovoies  plotted  in  Figure  6.14  show  that 
ultimate  recoveries  are  similar  at  approximately  58%  for  the 
non-dei^ted  gas  c^  cases.  Recoveries  for  the  depleted  gas 
cap  cases  2se,  however,  higher  than  for  the  non-depleted 


cases  and  decrease  from  64%  for  the  base  case  to  58%  for  an 
8  m  gas  c^.  These  results  are  unexpected  based  on  the 
Athabasca  results  and  may  be  attributed  to  solution  gas 
effects  present  in  the  Wolf  Lake  bitumen  but  not  in 
Athabasca  bitumen. 

Discounted  social  supply  costs  plotted  on  Figure  6.15 
show  that,  in  all  cases,  bitumen  associated  with  depleted  gas 
caps  costs  more  to  produce  than  that  associated  with  non- 
depleted  gas  caps.  Incremental  costs  are  $1.02,  $0.03,  and 
$0.18  per  barrel  of  bitumen  for  the  0  m,  4  m,  and  8  m  gas 
caps,  respectively. 

In  summary,  the  relatively  small  differences  in  social 
supply  costs  for  the  cases,  offset  by  scane  improvement  in 
bitumen  recovery,  suggest  that  depletion  of  the  gas  cap  may 
not  be  as  detrimental  to  SAGD  performance  as  in  Athabasca 
McMurray.  This  result  is  qualified  by  uncertainty  about  the 
overall  effect  of  solution  gas,  the  accuracy  of  the  model  in 
representing  the  Clearwater  Wolf  Lake  reservoir,  and  other 
q)erational  factors  including  optimal  injection  rates  and 
development  of  artificial  lift  techniques. 


Gas  Cap 

Initial 

Steam 

Social 

Recovery 

CDOR 

Cum.  SOR 

Hiickness 

Reservoir  Pressure 

Chamber 

Supply 

(%) 

(mVd) 

(mVmO 

(m) 

(kPa) 

Pressure 

Cost 

(kPa) 

($/bbl) 

0 

650 

750* 

12.65 

64.3 

52 

3.89 

0 

2500 

2500 

11.63 

57.7 

93 

3.55 

4 

650 

775* 

11.56 

61.6 

51 

3.93 

4 

2500 

2500 

11.53 

59.2 

91 

3.49 

8 

650 

800* 

11.25 

58.4 

52 

3.86 

8 

2500 

2500 

11.07 

58.5 

93 

3.29 

iiot&:  There  tue  sli^t  rounding  errors  associated  with  the  above  quotes. 
*   Denotes  average  pressure  over  well  c^radng  life. 
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AA/07-05-065-04W4iy| 
KB  620.lm 


Figure  6.1  —  Cold  Lake  Oil  Sands  Area  Reference  Well 
Esso  Cold  Lake  OV  7'S-6S'4W4M 
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WOLF  UKE  CLEARWATER  FORMATION 
RESERVOIR  PARAMETERS  FOR  2D  MODEL 


GRID  NO. 

POROSITY 
(PHI) 

WATER 
SATURATION 
(Sw) 

Oil 
Saturation 
(So) 

Ki=Kj 

Kk 

00 

n  o>i 
U.24 

A  CA 

0.00 

A  AC\ 

0.40 

ilAA 

400 

>IAA 

400 

00  oc 

33-00 

n  on 
0.30 

A  CA 

O.oO 

A  CA 

O.oO 

OAAA 

8000 

Oil  A  A 

2400 

oo* 
32 

A  OA 

0.30 

A  CA 

O.oO 

A  CA 

0.50 

OCAA 

8500 

2400 

on  04 

A  on 
O.oO 

A  CA 

O.oO 

A  AfS 

0.40 

QCAA 

o500 

OCCA 

2550 

OQ* 

2o 

A  on 
O.oO 

O.oO 

A  AC\ 

0.40 

OCAA 

8500 

OCCA 

2550 

04  07 

21-2/ 

A  OQ 

A  CC 

0.00 

A  >IC 

0.45 

OCAA 

ooOO 

A  ADA 
1080 

4fi  on 
ID-2U 

A  on 
O.oO 

0.00 

A  oc 

O.o5 

ilAAA 

4000 

4  0AA 

1200 

10 

O.oU 

o.w 

0.00 

QQnn 
ooOO 

QQA 

A  on 
O.oO 

A  CC 
0.OO 

A  oc 

O.o5 

OOAA 

ooOO 

AAA 

yyo 

Injector  -lO 

12-10 

A  OA 

O.oO 

A  ^A 
0.40 

O.oO 

QQAA 

ooOO 

QQA 

yyo 

0  'in 
u.ou 

n  fin 
u.ou 

onnn 
zuuu 

fion 

DUU 

ProdiJcei;|Q  * 

0.30 

0.40 

0.60 

3300 

600 

7-9 

0.30 

0.50 

0.50 

2000 

600 

1-6 

0.30 

0.40 

0.60 

650 

195 

*  Tight  carbonate  streaks  alternating  with  porous  rxk. 
2m  grkl  blocks  in  the  k  direction. 
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W<rff  Lake  Clearwater  Gas  Effect  Study 
Supply  Cost  Summary 

Discounted  @10%  to  1995  Dollars 


Om  Gas  Cap 

Om  Gas  Cap 

4m  Gas  Cap 

4m  Gas  Cap 

8m  Gas  Cap 

8m  Gas  Cap 

Depleted 

Nondepleted 

Depleted 

Nondepleted 

Depleted 

Nondepleted 

Cost  Centre 

Supply  Cost 

Supply  Cost 

Supply  Cost 

Supply  Cost 

Supply  Cost 

Supply  Cost 

Cdpital  Cost 

Driifing 

$15.44 

$8.53 

$15.06 

$8.52 

$12.98 

$8.40 

SeisnVDeKiVEng 

$0.40 

$0.43 

$0.56 

$0.40 

$0.39 

$0.38 

Stesfn  Fdcflitids 

$7.81 

$8.11 

$16.79 

$7.43 

$6.32 

$6.75 

Other  Facilities 

$15.86 

$17.29 

$22.51 

$15.77 

$15.46 

$15.13 

Total  Capital 

$39.51 

$34.36 

$54.92 

$32.11 

$35.15 

$30.65 

Operating  Cost 

Gas  Cost 

$27.49 

$20.81 

$25.33 

$20.45 

$22.89 

$19.54 

unities 

$7.35 

$5.58 

$6.76 

$5.48 

$6.13 

$5.23 

Production  Treating 

$0.81 

$0.83 

$0.88 

$0.81 

$0.81 

$0.80 

Water  Treating 

$2.38 

$1.79 

$2.24 

$1.77 

$2.15 

$1.70 

Fixed  and  Other 

$8.61 

$9.39 

$1Z22 

$8.56 

$8.39 

$8.21 

Ibtai  Operating  Cost 

$46.65 

$38.40 

$47.43 

$37.07 

$40.37 

$35.49 

Total  Cost^mS  BIT 

$86.16 

$72.76 

$102.35 

$69.18 

$75.52 

$66.15 

Total  CostA>bl  BIT 

$13.70 

$11.57 

$16.27 

$11.00 

$12.01 

$10.52 

riani  dUmfiiBiy 

Number  of  Wens 

174 

80 

102 

90 

152 

92 

Cum  Bitumen  Produced  (E3m3) 

38,666 

38,713 

26,657 

43,337 

40,967 

44,580 

Cum  Steam  Injected  (E3m3) 

182,708 

137,701 

122,808 

151,916 

158,946 

148,510 

Cum  Water  Produced  (E3m3) 

188,856 

141,665 

120,761 

157,309 

175,291 

154,183 

Plant  CDOR  (m3^d) 

3,531 

3,535 

2,434 

3,958 

3,741 

4,071 

Plant  CSOR  (m3/m3) 

4.73 

3.56 

4.61 

3.51 

3.88 

3.33 

Bitumen  Capac^  Utilization 

74.0% 

74.1% 

51.0% 

83.0% 

78.4% 

85.4% 

Steam  Capacity  Utilization 

61.9% 

46.6% 

41.6% 

51.4% 

53.8% 

50.3% 

Avg.  WeH  Summary 

Pattern  Ue  (yrs.) 

14 

14 

14 

14 

14 

14 

Cum  Bibimen  Produced  (E3m3) 

225 

496 

261 

501 

238 

502 

Cum  Steam  injected  (E3m3) 

1,039 

1,737 

747 

1.722 

747 

1,636 

Cum  Water  Produced  (E3m3) 

1,096 

1,822 

870 

1.818 

872 

1,732 

W^CD0fl(m3^d) 

44 

97 

51 

98 

54 

98 

WeH  CSOR  (m3/m3) 

4.62 

3.5 

2.86 

3.44 

2.73 

3.26 

Recovery  (90m  spacing) 

25.5% 

56.2% 

29.6% 

56.8% 

31.1% 

56.9% 

Table  6,2 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  0  m  Depleted  Gas  Cap 
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Figure  6.2 

AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  0  m  Non-depleted  Gas  Cap 


Year 

Figure  6.3 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -4m  Depleted  Gas  Cap 
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Figure  6.4 

AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  4  m  Non-depleted  Gas  Cap 
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Figure  6,5 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  8  m  Depleted  Gas  Clap 
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Figure  6.6 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  8  m  Non-depleted  Gas  Cap 
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Figure  6.7 
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PLANT  FORECAST 
Wolf  Lake  Clearwater  -  0  m  Depleted  Gas  Cap 
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F^ure  6.8 


PLANT  FORECAST 
Wolf  Lake  Clearwater  -  0  m  Non-depleted  Gas  Cap 
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Figure  6.9 
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PLANT  FORECAST 
Wolf  Lake  Clearwater  -  4  m  Depleted  Gas  Cap 
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Figure  6.10 


PLANT  FORECAST 
Wolf  Lake  Clearwater  -  4  m  Non-depleted  Gas  Cap 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Wolf  Lake  Clearwater  -  8  m  Depleted  Gas  Cap 
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Figure  6,12 


PLANT  FORECAST 
Wolf  Lake  Clearwater  -8m  Non-depleted  Gas  Cap 


Wolf  Lake  Clearwater  Gas  Effect  Study 
Recovery  vs.  Gas  Cap  Size 
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Figure  6.14 


Wolf  Lake  Clearwater  Gas  Effect  Study 
Social  Supply  Cost  vs.  Gas  Cap  Size 
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Figure  6.15 
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7.0  Effect  of  Gas  Cap  Depletion  on  SAGD  Performance: 
Cold  Lake  Clearwater  Formation,  Burnt  Lake 


The  mteot  of  tius  pcxtion  of  the  study  is  to  provide  an 
understsmdiag  of  the  effectiveness  of  the  SAGD  process  in 
the  Clearwater  FcHmatioo  at  Burnt  L^e  with  various 
associated  gas  cap  tlucknesses  at  different  reservoir  pres- 
swes.  The  ies^<Mr  pressures  were  varied  to  determine  the 
effect  in  each  naodel  of  lower  reservoir  pressure  as  a  result 
of  gas  production. 

7.1  Geology 

A  reference  k>g  describing  the  Cc^  Lake  Clearwater 
RnmaticHi  in  the  Burnt  Lake  area  (IWp  67&68,  Rge  3 
W4M)  is  giv^  in  Figme  7.1.  The  iHtumen-bearing  zone,  the 
Ctearwata-  B  s^d,  is  ^>proximately  20-30  m  thick, 
overlain,  and  capped  with  3-5  m  of  shale.  The  sand  is 
unconsolidated. 

7.2  Bitumen  Resource 

Hease  refer  to  Section  6.2  of  this  report  for  a  brief 
description  of  the  Cold  Lake  resources. 

73  Well-Pair  Performance  Simulations 

73.1  Model  Selection 

The  Burnt  Lake  model  was  initiaUy  based  on  core  and 
log  data  from  two  wells  (00/06- 15-065-04W4/0  and  AA/07- 
36-065-04W4/0).  The  model  consisted  of  high-penneability 
(7  to  10  D^cies)  regions  in  the  lower  and  middle  sections. 
The  upper  layers  contamed  low-p^meability  (1.2  to  3 
Darcies)  sections.  A  literature  search  was  conducted  on 
numeric^  simulation  studies  involving  the  Clearwater 
Formatkm  to  verify  petrophysical  properties.  The  results  of 
the  review  indicated  that  the  permeability  (both  horizontal 
and  vertical)  was  in  all  ^elihood  too  high  for  the 
Clearwatar  FormatioD.  The  model  selected  was  from  the 
technical  papex,  *t^umerical  Study  of  the  SAGD  Process  in 
the  Burnt  L^e  CHI  Sands  Lease*'  by  Ken  Kisman  (formerly 
of  the  Department  of  Energy)  and  K.C.  Yeung  of  Suncor. 
The  Burnt  Lake  model  was  adjusted  from  a  half-well  pair  to 
a  multi-well  pair  nnxfel  based  on  experience  in  adapting  the 
UTF  nnxlel  for  studying  gas  effects,  and  was  modified  by 
adding  5  m  ^id  10  m  gas  c^s. 

7.3.2  Model  Description 

The  Bunrt  Lake  OKxlel  description  is  shown  in  Figure 
7.1.  The  model  was  ac^usted  slightly  to  conform  with  the 
multi-weU  p^  pattern  model  used  in  the  Athabasca 
McMurray  Formation  study.  The  initial  reservoir  pressure 
given  in  the  Burnt  Lake  tedmical  papei  of  3100  kPa  was 
also  used.  The  petrophysical  properties,  including  porosity, 
flmd  saturations,  and  permeability  are  poor  in  the  lower  6  m 


of  the  reserv(Hr.  The  producing  wells  are  therefore  located 
7  m  above  the  reservoir  base  and  the  injectors  are  6  m  above 
the  producers.  Tight  carbonate  layers  are  present  in  the 
Clearwater  Formation  in  the  Burnt  Lake  aiul  Wolf  Lake 
areas  according  to  drilling  records,  but  are  not  laterally 
extensive.  At  Burnt  Lake,  a  tight  carbonate  layer  is  located 
about  24  m  above  the  base  of  the  Clearwater  and  is  modelled 
by  porous  and  non-porous  streaks.  The  lateral  dimensions  of 
the  streaks  are  6  m  of  porous  material  followed  by  10  m  of 
non-porous  rock  within  the  well  spacing  area  and  10  m 
porous  followed  by  15  m  non-porous  outside  the  well 
spacing  area.  The  inside  and  outside  well  pairs  are  directly 
below  non-porous  streaks  and  the  middle  well  pair  is 
directly  bek)w  a  porous  streak. 

For  this  model,  a  high-pressure  (non-depleted)  reservoir 
with  an  associated  gas  cap  is  subject  to  a  pressure  of  3100 
kPa  The  low-pressure  (depleted)  reservoir  with  an  associ- 
ated gas  cap  is  subject  to  a  pressure  of  600  kPa.  Similar  to 
Wolf  Lake,  the  high-pressure  cases  were  designed  using  a 
live  oil  containing  14%  solution  gas.  The  low-pressure  cases 
were  designed  using  a  dead  oil.  Steam  was  injected  at  8000 
kPa,  below  the  fracture  pressure  of  9(X)0  kPa,  until  the 
production  well  could  maintain  flow  to  surface.  The 
injection  pressure  was  lowered  after  80  days  to  3000  kPa 
(100  kPa  below  initial  reservoir  pressure)  and  the  produc- 
tion weUs  were  placed  on  SAGD  prcxluction  control  with  a 
maximum  steam  rate  of  0.5  mVd.  The  injection  wells  were 
each  steam-rate-limited  to  400  mVd,  while  the  production 
wells  were  Umited  to  total  Uquid  withdrawals  of  800  mVd. 

7.3.3  Simulation  Results 


GasC^ 

High  Pressure* 

Low  Initial 

Thidcness 

Non-depleted 

Depleted 

(m) 

Reservoir 

(600  kPa) 

(3100  kPa)  (Live  on) 

(Dead  Oil) 

0 

/ 

/* 

5 

/ 

/ 

10 

/ 

/ 

All  cases  have  a{^oxiinately  26  m  Utumeii  above  the  producers. 
Denotes  cases  in  which  a  dead  oil  and  live  oil  were  investigated. 


The  results  of  each  case  showing  the  bottomhole 
injection  pressure  and  rates  of  steam  injection,  oil  produc- 
tion, and  water  production  are  included  in  Appendix  F.  The 
results  for  each  of  the  2.5  weU  pairs  (reported  as  3  well 
pairs),  sununarized  on  an  average  well  pair  quarterly  basis 
are  provided  in  Figures  7.2  to  7.8  and  summarized  in  Table 
7.2. 
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In  compasiag  depleted  cases  with  their  non-depleted 
counterparts,  it  is  observed  that  considerably  more  steam  is 
ii^ected  in  the  depleted  cases  than  in  the  non-depleted  cases. 
Steam  cfaasBto  pfessures  are  greater  th^  gas  cap  pressures, 
resulting  ifi  significaDt  steam  le£dc-off  to  the  gas  cap. 

Ste^n/ofl  r^os  decrease  wkh  increasing  gas  c^ 
thicknesses  for  non-dei^ted  cases  as  in  the  Wolf  Lake 
^ulatioB.  This  is  thought  to  be  due  to  the  thermal  insulat- 
ing ^ects  of  the  gas  c^.Ute  ratios  increase  significantly 
due  to  steam  loss  in  the  depleted  cases.  Recoveries  appear  to 
be  5%  to  6%  higher  in  the  0  m  and  5  m  depleted  cases  than 
in  the  corresponding  non-depleted  cases.  The  10  m  depleted 
gas  c^  exhibits  a  weaker  recovery  than  the  non-depleted 
case  due  to  higher  steam  k)sses. 

In  all  the  depleted  cases,  the  lower  steam  chamber 
pressures  do  not  cause  a  decrease  m  bitumen  production 
rates  as  experienced  in  McMisray  and  in  Clearwater  at  Wolf 
Lake.  Although  the  Clearwater  at  Burnt  Lake  had  a  low 
dq>leted  reservoir  pressure  of  600  kPa,  similar  to  Wolf 
Lake,  the  steam  chamber  pressures  wa:e  higher  at  2800  kPa, 
1000  kPa,  and  1300  kPa  for  the  0  m,  5  m,  and  10  m  gas  c^ 
cases,  re^)ectively.  These  larger  pressure  differentials 
compared  to  100-150  kPa  for  Wcdf  Lake  are  believed  to 
enhance  the  movement  of  steam  into  the  bitumen,  particu- 
larly in  the  lower- viscosity  Cold  Lake  Clearwater  bitumen, 
and  imi^ove  p'oduction  rates. 

Bitumen  production  rates  fcH:  the  non-dq)leted  gas  c^ 
cases  are  iow^  than  for  die  depleted  gas  c^  cases,  even 
though  the  reserv<Hr  and  steam  chamber  pressures  are  much 
higher.  Although  dqdeted  gas  cap  bitumen  production  rates 
are  believed  to  be  enhanced,  the  higher-pressure  non- 
depleted  biftimen  rates  appear  to  be  lower  than  expected. 
This  performance  is  also  different  from  Wolf  Lake.  Solution 
gas  effects  ccHulnned  with  different  reservoir  properties  may 
contribute  to  this  anomalous  perfcmnance. 

7.4  Commercial  Project 

The  commerd^  plant  well  drilling  schedule  and 


resulting  bitumen  and  water  production  and  steam  injection 
rates  are  summarized  for  each  case  in  Figures  7.9  to  7. 15. 
The  number  of  well  pairs  required  to  maintain  the  plant  at 
(or  near)  capacity  for  the  base  case  and  the  5  m  and  10  m  gas 
cap  cases  are,  re^)ectively,  122, 128,  and  128  for  the  non- 
depleted  cases  and  108  (112  for  the  live  oil  case),  118,  and 
152  for  the  depleted  cases. 

7.5  Social  Supply  Cost 

TTie  social  supply  cost  results  for  the  seven  cases, 
including  major  operating  costs,  capital  costs  as  well  as 
production  and  injection  volumes  and  bitumen  recovery  for 
each  case,  are  provided  in  Table  7.2  and  Appendix  F.  Social 
supply  costs  discounted  at  10%  range  from  $8.24  per  barrel 
of  bitumen  for  the  non-depleted  10  m  gas  cap  to  $12.70  per 
barrel  of  bitumen  for  the  depleted  10  m  gas  cap  which 
incurs  considerable  steam  loss  to  the  gas  cap.  The  effect  of 
steam  loss  to  the  gas  cap  is  quite  evident  in  the  plot  of  social 
supply  cost  as  a  function  of  gas  cap  thickness  in  Figure  7.17. 
In  the  non-depleted  cases,  where  the  steam  chamber  and  gas 
c^  pressures  are  the  same,  the  social  supply  cost  decreases 
slightly  with  increasing  gas  cap  thickness.  This  is  attributed 
to  the  insulating  effect  of  the  gas  c^.  In  the  depleted  cases, 
I»^essure  differentials  between  the  steam  chamber  and  the 
gas  cap  of  apiM-oximately  400  and  700  kPa  for  the  5  m  and 
10  m  gas  caps,  respectively,  increase  the  social  supply  cost 
from  $11.19  to  $12.70/bbl  due  to  steam  loss.  The  resultmg 
social  supply  costs  increase.  Dead  chI  and  live  oil  compared 
in  the  depleted  0  m  gas  c^  case  result  in  very  similar  social 
supply  costs  of  $9.27  and  $9.19/bbl,  respectively. 

7.6  Clearwater  Burnt  Lake  Gas  Effects 
Summary  and  Conclusions 

Bitumen  recovery  per  well  pair  and  social  supply  costs 
were  used  to  assess  the  effect  of  associated  gas  pressure 
dq)letion  and  are  plotted  in  relation  to  gas  cap  thickness  in 
Figures  7.16  and  7.17.  These  criteria  and  others  are  summa- 
rized below. 


GasC^ 

Initial 

Steam 

Social 

Recovery 

CDOR 

Cum.  SOR 

Hiidmess 

Reservoir  Pressure 

Chamber 

Supply 

(%) 

(mVd) 

(m) 

(kPa) 

Pressure 

Cost 

(kPa) 

($/bbl) 

0 

600 

-2800 

9.27 

81.7 

99 

3.47 

0 

3100 

3100 

8.54 

75.1 

74 

2.88 

5 

600 

-1000 

11.19 

78.4 

88 

4.20 

5 

3100 

3100 

8.36 

72.7 

54 

2.74 

10 

600 

1300 

12.70 

65.5 

84 

4.73 

10 

3100 

3100 

8.24 

71.3 

56 

2.67 

Note:  Hie  steam  cfaaiuber  pressure  is  an  apf^ximation  based  on  the  three  well  pairs  over  the  operating  life. 
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BitmneQ  recoveries  decrease  with  increasing  gas  cap 
thtckness  for  depleted  and  non-dei^eted  cases.  Recoveries 
are  ^^noximately  6%  better  for  the  depleted  0  m  and  5  m 
gas  cap  cases  tban  for  the  non-depleted  cases.  The  depleted 
10  m  gas  cap  lecov^,  however,  is  poorer  than  for  the  non- 
depleted  10  m  case.  Tliis  perfonnance  trend  is  similar  to  that 
observed  for  Wolf  Lake. 

In  summ^,  defmitive  conclusions  about  the  effect  of 
gas  cap  deletion  on  S  AGD  performance  w^e  not  obtained 
for  the  Clearwater  at  Burnt  Lake.  Unc^tainties  about  the 
accuracy  of  the  model  in  representing  Burnt  Lake,  particu- 
larly with  respect  to  pressures  and  the  influences  of  solution 
gas,  limit  the  authors*  confidence  in  the  validity  of  the 
predictions. 
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Figure  7.1  —  Cold  Lake  Oil  Sands  —  Burnt  Lake  Area  Reference  Well 


Burnt  Lak«  Thermal  Project 
Type  Log 
7-23-67-3  W4M- 


rRovember  1995 
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BURNT  LAKE  CLEARWATER  FORMATION 
RESERVOIR  PARAMETERS  FOR  2D  MODEL 
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0.55 

1700 
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5 

0.30 

0.45 

0.55 

1700 

500 

4 

0.30 

0.45 

0.55 

1700 

500 

0.22 

0.60 

0.40 

1500 

100 

2 

0.22 

0.60 

0.40 
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1 
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0.40 
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2m  grid  blocks  in  the  k  direction. 


Table  7.1 
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Burnt  Lake  Clearwater  Gas  E£fect  Study 
Supply  Cost  Summary 

Discounted  @10%  to  1995  D(rflars 


Om  Gas  Cap 

Om  Gas  Cap 

Depleted 

Depleted 

Om  Gas  Cap 

5m  Gas  Cap 

5m  Gas  Cap 

10m  Gas  Cap 

10m  Gas  Cap 

(Live  Oil) 

(Dead  ai) 

Nondepleted 

Depleted 

Nondepleted 

Depleted 
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Cost  Centre 

Supply  Cost 

Supply  Cost 

Supply  Cost 

Supply  Cost 
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Gas  Cost 
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$18.37 
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$14.24 

$28.32 
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Plant  Summary 

Number  of  wells 
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48  447 

47  497 
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58.2% 

Avg.  Well  Summary 

Pattern  LMe  (yrs) 

12.25 

12.75 

15.50 

13.75 

17.50 

12.00 

19.50 

Cum  Bitumen  Produced  (E3m3) 

447 

458 

421 

440 

408 

367 

399 

Cum  Steam  Injected  (E3m3) 

1,493 

1.592 

1,215 

1,847 

1,119 

1,736 

1,067 

Cum  Water  Produced  (ESmS) 

1,478 

1,573 

1,225 

1,485 

1,133 

925 

1,085 

WeH  CDOR  (m3/d) 

100 

99 

74 

88 

64 

84 

56 

Well  CSOR  (mS/mS) 

3.34 

3.47 

2.88 

4.20 

2.74 

4.73 

2.67 

Recovery  (90m  spacing) 

79.7% 

81.7% 

75.1% 

78.4% 

72.7% 

65.5% 

71.3% 

Table  7.2 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Burnt  Lake  Clearwater  -  0  m  Depleted  Gas  Cap  (Live  Oil) 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
BuTBt  Lake  Clearwater  Case  -  0  m  Depleted  Gas  Cap 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Burnt  Lake  Clearwater  -  0  m  Non-depleted  Gas  Cap 
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Figure  7.4 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Burnt  Lake  Clearwater  -5m  Depleted  Gas  Cap 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Burnt  Lake  Clearwater  - 10  m  Depleted  Gas  Cap 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
BurBt  Lake  Clearwater  - 10  m  Non-depleted  Gas  Cap 
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Figure  7.8 
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PLANT  FORECAST 
Burnt  Lake  Clearwater  -  0  m  Depleted  Gas  Cap  (Live  Oil) 


0  5  10  15  20  25  30 

Year 

F^ure  7,9 
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PLANT  FORECAST 
Burnt  Lake  Clearwater  Case  -  0  m  Depleted  Gas  Cap 
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Figure  7.10 
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PLANT  FORECAST 
Burnt  Lake  Oearwater  -Cm  Non-depleted  Gas  Cap 
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Figure  7.11 
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PLANT  FORECAST 
Bornt  Lake  Clearwater  -5m  Depleted  Gas  Cap 
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Figure  7.12 


PLANT  FORECAST 
Burnt  Lake  Clearwater  -  5  m  Non-depleted  Gas  Cap 
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F^ure  7,13 
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PLANT  FORECAST 
Burnt  Lake  Clearwater  - 10  m  Depleted  Gas  Cap 
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Figure  7,14 


PLANT  FORECAST 
Burnt  Lake  Clearwater  - 10  m  Non-depleted  Gas  Cap 
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Figure  7.15 
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Burnt  Lake  Clearwater  Gas  Effect  Study 
Recovery  vs.  Gas  Cap  Size 
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Burnt  Lake  Clearwater  Gas  Effect  Study 
Social  Supply  Cost  vs.  Gas  Cap  Size 
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Figure  7.17 
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8.0  Summary  of  Findings 


8.1  Athabasca  McMurray  Formation 

•  In  Athabasca,  there  are  gas  accumulations  interpreted  as 
being  in  contact  with  the  Wabiskaw/McMurray  oil  sands. 

•  Depletion  of  gas  cap  pressure  as  a  result  of  gas  produc- 
tion means  that  the  recovery  process  —  SAGD  in  this 
study  —  must  be  operated  at  a  lower  pressure  to  mini- 
mize steam  leak-off  to  the  gas  cap  during  the  period 
when  the  steam  chamber  is  in  contact  with  the  gas  cap. 

•  Numerical  simulations  for  a  number  of  cases  where  gas 
caps  are  not  being  produced  suggest  that  the  social 
supply  cost  will  not  be  significantly  affected  by  operating 
at  the  original  gas  cap  pressure.  Recovery,  however,  may 
be  reduced  slightly  (2  or  3  percentage  points)  as  gas  cap 
thickness  increases. 

•  In  cases  where  the  gas  cap  has  been  depleted,  numerical 
simulations  suggest  that,  when  the  SAGD  process  is 
operated  at  pressures  comparable  to  those  cases  without 
gas  cap  depletion  (2600  kPa),  significant  steam  is  lost  to 
the  gas  c^  and  recovery  and  economics  are  poorer.  By 
restricting  steam  loss  and  operating  at  1000  kPa  (450  kPa 
above  depleted  gas  cap  pressure  for  the  case  involving  a 
10  m  thick  gas  cap),  the  decrease  in  bitumen  recovery  is 
not  as  severe  (69%  as  compared  to  79%).  The  social 
supply  cost  increases  by  approximately  $1.50  per  barrel 
of  bitumen  from  $9.04  to  $10.53/bbl.  It  appears  that  the 
effect  on  the  SAGD  process  of  thinner  gas  caps  is  less 
severe  due  to  partial  plugging  with  displaced  bitumen. 
One  case  operated  at  550  kPa,  the  same  as  the  gas  cap 
pressure,  resulted  in  a  social  supply  cost  of  $9.32  per 
barrel  of  bitumen  although  recovery  was  very  low  at 
41%. 

•  Although  further  optimization  may  be  possible,  it  is 
concluded  that  bitumen  recovery  for  thicker  gas  caps 
may  be  lowered  by  about  10%  and  discounted  social 
supply  cost  may  be  increased  by  up  to  $1.50  per  barrel  of 
bitumen  by  depletion  of  associated  gas. 

8.2  Clearwater  Formation,  Wolf  Lake 

•  At  Wolf  Lake,  the  Clearwater  is  overlain  by  associated 
gas  in  certain  areas. 

•  Numerical  simulations  suggest  that  the  social  supply  cost 
will  be  favoured  by  operating  at  or  close  to  the  original 
gas  cap  pressure  to  minimize  steam  losses  to  the  gas  cap. 

•  In  the  non-depleted  reservoir  cases,  the  social  supply 
costs  for  the  0  m  gas  cap,  Ihe  4  m  gas  cap,  and  the  8  m 
gas  cap  are  $11.63/bbl,  $11.53/bbl,  and  $11.07/bbl, 
respectively.  Bitumen  recoveries  are  57.7%,  59.2%,  and 
58.5%,  respectively.  In  the  depleted  reservoir  cases,  the 


social  supply  cost  for  the  above  cases  are  $12.65/bbl, 
$11.56/bbl,  and  $11.25/bbl,  respectively.  Bitumen 
recoveries  are  64.3%,  61.6%,  and  58.4%,  respectively. 

•  In  all  depleted  and  non-depleted  cases,  the  presence  of 
the  gas  cap  increases  production  and  reduces  steam  oil 
ratio  compared  to  the  cases  with  no  gas  cap  or  even 
thinner  gas  cap  zones.  These  results,  which  appear  to 
contradict  those  for  the  Athabasca,  are  attributed  to  a 
greater  insulating  effect. 

•  The  depleted  low-pressure  cases  have  long  pattern  lives 
which  could  be  shortened  by  operating  strategy  and  by 
reducing  interwell  spacing.  Siniilar  optimizing  tech- 
niques could  be  pursued  for  all  the  cases  studied. 

•  In  general,  the  interaction  of  a  steam  front  with  a  gas  cap 
and  liberated  solution  gas  is  very  complex.  The 
behaviour  has  both  advantageous  and  disadvantageous 
features.  SAGD  performance  will  depend  on  optimizing 
operation  procedures,  particularly  with  respect  to 
pressure  management. 

•  Based  on  relatively  small  incremental  social  supply  costs 
offset  by  some  improvement  in  bitumen  recovery, 
depletion  of  gas  caps  may  not  be  detrimental  to  SAGD 
performance  at  Wolf  Lake.  Any  conclusion,  however, 
must  be  qualified  by  uncertainty  about  the  effect  Wolf 
Lake  bitumen  solution  gas  has  on  the  SAGD  process  and 
the  ability  of  the  model,  which  has  not  been  verified  by 
Wolf  Lake  field  data,  to  accurately  predict  performance. 

8.3  Clearwater  Formation,  Burnt  Lake 

•  At  Burnt  Lake,  six  cases  were  numerically  simulated: 
depleted  and  non-depleted  cases  for  0  m,  5  m,  and  10  m 
gas  caps.  Unfortunately  the  programmed  steam  chamber 
pressures  exceeded  the  gas  cap  pressures  for  the  depleted 
gas  c^  cases  and  the  effect  of  producing  at  the  gas  cap 
pressure  was  not  simulated. 

•  In  non-depleted  reservoir  cases,  the  social  supply  cost  for 
0  m,  5  m,  and  10  m  gas  caps  are  $8.54,  $8.36,  and  $8.24 
per  barrel  of  bitumen,  respectively,  showing  the  same 
trend  as  Wolf  Lake,  due  possibly  to  the  greater  insulating 
effects  of  gas  caps.  Bitumen  recoveries  are  75.1%, 
72.7%,  and  71.3%  respectively.  As  concluded  for  Wolf 
Lake,  results  must  be  qualified  by  uncertainty  about 
solution  gas  effects  and  the  validity  of  the  model  used  to 
predict  performance. 


Possible  Effects  of  Gas  Caps  on  SAGD  Performance  59 


8.4  Other  Considerations 

Other  considerations  not  specifically  addressed  else- 
where in  this  report  but  which  may  warrant  additional 
studies  are  summarized  as  follows: 

•  The  SAGD  simulation  results  at  the  different  sites 
studied  are  strongly  dependent  on  the  descriptions  of 
reservoir  geology.  Gas  cap  thickness  is  only  one  of  the 
geological  parameters  that  affect  performance. 

•  Numerical  models  currently  available  may  not  properly 
address  the  interaction  between  non-condensible  gas  and 
steam  vapour,  particularly  diffusion  effects.  As  a  steam 
chamber  contacts  an  overlying  associated  gas  sand, 
densities  of  each  at  the  operating  pressure  at  the  time 
may  become  important  There  may  be  an  optimum 
pressure  from  a  density  standpoint.  Further  investigation 
of  this  effect  is  warranted. 

•  The  ideal  steam  chamber  operating  pressure  in  the  case 
of  gas  caps  from  a  steam  loss  perspective  is  the  same  as 
that  of  the  gas  cap  at  the  time.  At  expected  gas  cap 
depletion  pressures,  500  kPa  or  less,  SAGD  production 
wells  may  be  unable  to  transport  fluids  to  the  surface 
even  with  gas  lift  An  efficient  artificial  lift  method 
capable  of  high  production  rates  of  fluids  at  close  to 
steam  saturation  conditions  is  required.  Although  an 
efficient  method  does  not  exist  at  this  time,  development 
is  expected  to  occur  to  satisfy  this  need. 

•  The  effect  of  producing  gas  caps  on  the  Athabasca 
McMurray  Formation  is  not  well  understood.  One 
prominent  theory  suggests  that  solution  gas  in  bitumen  in 


the  Athabasca  oil  sand  has  been  released  over  time, 
flowing  to  the  surface  and  being  replaced  by  fresh  surface 
water.  Associated  gas  caps  in  question  are  small  accumu- 
lations in  highs  on  the  Wabiskaw/McMurray  oil  sand.  If 
this  is  so,  one  would  expect  fresh  water  to  invade  these 
accumulations  as  the  gas  is  produced.  Pressure  perfor- 
mance during  gas  production  suggests,  however,  that  this 
is  not  occurring,  in  the  short  term  at  least. 

•  The  geology,  particularly  the  permeability  and 
interbedded  shaly  nature  of  the  Upper  McMurray 
Formation,  is  complex.  Lateral  pressure  and  fluid 
c(»nmunication  in  the  Upper  McMurray,  as  suggested 
above,  is  probably  poor.  Although  gas  depletion  may 
influence  pressure  in  the  oil  sand  immediately  beneath 
the  gas  pool,  its  effect  on  oil  sands  laterally  distant  from 
the  gas  pool  may  not  be  significant  Monitoring  of 
pressure  in  the  upper  water/gas  sands,  particularly  at 
various  lateral  distances  from  gas  production,  is  war- 
ranted. 

•  Numerical  simulations  and  predictions  in  this  study  did 
not  address  how  new  SAGD  patterns  would  be  started 
adjacent  to  depleted  patterns.  Two  methods  are  being 
considered.  One  is  to  maintain  pressure  by  injecting  gas 
into  depleted  patterns  as  steam  vapour  condenses,  some 
of  this  gas  being  produced  later.  The  other  is  to  leave  a 
buffer  region  between  development  stages  and  allow 
pressure  in  depleted  stages  to  decline  as  the  steam  vapour 
condenses. 
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9.0  Further  Work 

Much  remains  to  be  done  to  improve  om^  understanding 
of  the  phenomena  studied  and  to  quantify  the  effects 
discussed  in  this  report  Additional  factors  that  may  influ- 
ence S  AGD  performance  should  also  be  addressed: 

•  Additional  study  and  field  testing  are  required  to  define 
the  possible  effects  on  SAGD  performance  of  water 
sands  overlying  the  bitumen,  as  well  as  the  combined 
effects  of  overlying  water  and  gas. 

•  The  mechanism  of  bitumen  movement  into  the  gas  zone 
and/or  water  sand  and  the  degree  of  plugging  need  to  be 
demonstrated.  Physical  modelling  studies  would  be 
useful  in  validating  the  interpretation  of  numerical 
simulations  of  this  phenomenon. 

•  Mixing  of  associated  gas  and  process  steam  may  occur, 
with  potential  implications  for  both  gas  and  bitumen 
recovery  processes.  Further  investigation  is  needed  to 
evaluate  these  effects. 

•  Conmiunication  behaviour  in  water  sands  overlying 
bitumen  deposits  and  underlying  gas  accumulations 
should  be  addressed  from  the  standpoints  of  lateral 


pressure  communication  and  the  provision  of  pressure 
support  to  gas  caps  from  either  expansion  of  the  aquifer 
or  surface  water  influx  (charge  to  the  aquifer). 

•  The  effect  of  bitumen  saturation  and  the  lithology  of  the 
reservoirs,  including  grain  size,  permeability,  and  the 
presence  of  clay  stringers  on  the  role  of  associated  gas 
caps,  warrants  further  study. 

•  The  method  used  in  abandoning  bitumen-depleted  oil 
sands  may  well  affect  the  recovery  of  associated  gas. 
This  issue  should  be  addressed. 

•  Development  of  an  efficient  artificial  lift  method  is 
required  for  low-pressure  SAGD  operations  where 
thermal  lift  supplemented  by  gas  is  no  longer  effective. 

•  Modified  or  alternative  bitumen  recovery  processes  are 
being  explored  and  developed.  Two  processes  with 
potential,  Vapex  and  COSH,  are  undergoing  laboratory 
testing.  Subject  to  successful  laboratory  and  field  testing, 
these  processes  may  be  employed  to  improve  SAGD 
performance  in  low-pressure  applications. 
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10.0  Glossary 


Social  Supply  Cost 

Cost  per  unit  of  production  over  the  project  life  that 
will  provide  the  rate  of  return  implied  by  the  discount  rate, 
before  taxes  and  royalties.  In  this  study,  capital  and  operat- 
ing costs  and  oil  or  bitumen  produced  have  been  discounted 
at  10%. 

Pattern  Life 

The  length  of  time  over  which  a  well  pair  is  economi- 
cally operated. 

Calendar-Day  Oil  Rate  (CDOR) 

The  volume  of  oil  or  bitumen  produced  during  a  given 
period  of  time,  pattern  life,  for  example,  divided  by  the 
number  of  days  in  that  period  of  time. 

Cumulative  Steam/Oil  Ratio  (CSOR) 

The  cumulative  volume  of  water  required  to  make  the 
steam  injected,  divided  by  the  volume  of  oil  or  bitumen 
produced  during  the  same  period  of  time. 

Live  Oil 

Oil  or  bitumen  that  contains  dissolved  gas.  Generally 
speaking,  the  volume  of  dissolved  gas  in  oil  or  bitumen  is  a 
function  of  temperature  and  pressure — the  lower  the 
temperature  and  pressure,  the  less  dissolved  gas.  In  the  Cold 
Lake  deposit,  bitumen  occurs  at  relatively  high  temperatures 
and  pressures  and  is  considered  live.  The  presence  of 
dissolved  gas  tends  to  reduce  the  density  and  viscosity  of  the 
oil  or  bitumen. 


Dead  Oil 

Oil  or  bitumen  that  contains  no  dissolved  gas.  In  the 
Athabasca  deposit,  bitumen  contains  relatively  small 
volumes  of  dissolved  gas  because  of  low  temperature  and 
pressure  and  is  often  considered  dead  oil  for  simulation 
purposes. 

Viscosity 

A  measure  of  a  material's  ability  to  flow.  Low-viscosity 
material  flows  more  readily  than  high- viscosity  material. 
The  viscosity  of  oil  or  bitumen  is  a  function  of  a  number  of 
factors  including  temperature,  chemical  make-up,  and 
dissolved  gas  content. 

Heating  Values  of  Natural  Gas  and  Bitumen 

Natural  gas  at  standard  temperature  and  pressure  of 
15T  and  1  atmosphere  comprises  mainly  methane  and  has  a 
net  heating  value  in  the  order  of  1000  Btu/ft^  or  0.0373  GJ/ 
m^  Bitumen  at  the  same  standard  conditions  has  a  heating 
value  in  the  order  of  42,000  kJ/kg  or  42  GJ/m^  Accordingly, 
for  equivalent  standard  volumes,  the  ratio  of  the  heating 
value  of  bitumen  to  that  of  natural  gas  is  in  the  order  of  1126 
tol. 

Volume  Equivalency 

1  cubic  metre  (m^)  =  6.293  barrels  (bbl) 
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Appendix  A 

Well-Pair  Economic  Limit  Assumptions 
and  Artificial  Lift  Considerations 

Well  Pair  Economic  Limit 

The  well  pair  economic  limit  applied  in  this  study  is 
described  below.  Assumptions  used  in  the  study  are  based 
to  a  large  extent  on  experience  with  the  Underground  Test 
Facility  project  and  commercial  plant  studies  of  the  Steam 
Assisted  Gravity  Drainage  (SAGD)  process  conducted  by 
the  Alberta  Department  of  Energy. 

Bitumen  Production  Rate  Limit 
(No  Steam  Cost) 

Production  Well  Incremental  Operating  Costs: 
Well  operating  cost:         Assume  $200,000/year 
Oil  treating:  Chemical  Costs  $0.59/m'  oil 

Water  treating 

&  handling:  (included  in  Steam  Cost) 

Average  bitumen  price:  $9.41/bbl 

or$59.19/m3 

EconcHnic  hmit  =  200,000/(59. 19  -0.59)  365 

=  9.35mVd 

Bitumen  Production  Rate  Limit 
(with  Steam  Cost) 

Steam  generation  costs: 
Boiler  feed 

water  treatment:  $0.69/m'  water  (industry  average) 

Produced  Water 

Treatment:  $0. 18/m'  water 

Gas  Cost:  Energy  required  2.7GJ/m' 

(80%  quality) 

Gas  cost  $2.00/GJ 

Gas  cost  for  Steam  2 . 00  x  2 . 7  = 

$5.40/m^  steam 

Water  source  and 

disposal  operating  cost:    (700  mVd)  $200,000yyear 
or  $0.78/m3  water 

The  relationship  between  the  bitumen  production  rate 
and  the  steam/oil  ratio  limit  is  summarized  in  Figure  A 1  for 
gas  costs  of  $1.65,  $2.00,  $2.20  and  $2.75  per  GJ. 

The  figures  show  that  armual  well  pair  operating  costs 
have  a  major  impact  on  the  economic  limit.  These  costs, 
however,  are  not  available  for  horizontal  SAGD  wells 
operated  fi-om  the  surface  due  to  limited  experience  with  this 
process  and  no  experience  with  the  later  well  life.  Critical 
costs,  in  addition  to  normal  operating  manpower  and 
maintenance  costs,  will  be  associated  with  artificial  lift  (gas 


lift  or  rod  pumps),  corrosion  and  sand  control/handling. 
Action  which  incurs  significant  costs  may  not  be  economi- 
cally justified  and  could  result  in  the  well  pair  being  shut  in. 

The  assumed  well  pair  operating  cost  of  $200,000  per 
year  is  about  15%  of  the  initial  well  capital  cost.  This 
approach  has  been  adopted  for  the  time  being,  subject  to 
later  modification  when  more  data  are  available  on  well  life 
performance  and  operating  costs.  In  the  foregoing,  no  value 
was  assigned  to  the  capital  required  for  steam  generation. 

In  practice,  the  economic  return  from  a  project  may  be 
optimized  by  discontinuing  steam  injection  before  the 
economic  limit  is  reached  and  then  directing  the  steam  to 
newer  wells.  The  later  stage  of  a  SAGD  project  would  also 
involve  wind-down,  possibly  with  gas  injection.  This  smdy 
has  not  considered  optimization  of  the  process,  particularly 
the  later  stages. 

Artificial  Lift  Considerations 

The  ability  to  lift  produced  fluid  to  the  surface  is  a  factor 
that  will  come  into  play  as  the  operating  pressure  or  steam 
chamber  pressure  is  lowered  to  offset  steam  loss  to  overly- 
ing gas  zone.  The  general  practice  to  date  and  the 
expectation  in  normal  operating  conditions  is  that  hot  fluids 
will  flash  as  production  rises  to  the  surface.  The  resulting 
reduced  densities  will  enable  desired  flow  rates  to  be 
achieved.  The  addition  of  gas  to  the  heel  of  the  production 
tubing  provides  additional  lift  at  lower  temperatures  and 
production  rates  and  stabilizes  the  well  performance  in 
certain  situations. 

Pressure  drops  in  wellbores  with  multi-phase  flow  are 
difficult  to  calculate,  particularly  when  influenced  by  heat 
transfer  and  phase  changes.  The  Department  of  Energy 
contracted  M.E.  McCormack  (Practical  Solutions  Inc.)  to 
study  gas  lift  design  for  SAGD  wells  using  his  two-phase 
flow  model  based  on  the  Beggs  and  Brill  correlations.  He 
developed  a  series  of  graphs  showing  wellhead  producing 
pressure  versus  flow  rates  for  various  quantities  of  added 
lifting  gas  and  assumed  conditions  of  true  vertical  depths, 
tubing  sizes,  bottomhole  pressures  and  steam  quality  at  the 
heel  of  the  production  tubing. 

Mr.  McCormack  says  his  results  should  be  used  with 
caution  because  of  the  uncertainties  involved.  However, 
some  general  observations  are  warranted: 

1.  Gas  lift  was  found  to  be  beneficial  as  an  enhancement  to 
the  inherent  natural  steam  lift  present  in  SAGD  produc- 
tion wells. 

2.  As  expected  increases  in  production  rates  raise  velocities, 
the  friction  component  of  the  pressure  drop  increases  as 
a  result.  Larger  tubing  is  needed  for  higher  flow  rates. 

3.  The  principal  benefit  of  gas  lift  is  to  improve  the  stability 
of  the  system  by  lowering  the  hydrostatic  head  of  the 
produced  fluid  column  at  low  flow  rates.  This  results  in 
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higher  surface  pressures  at  lower  flow  rates.  The  effect  at 
higher  flow  rates  is  to  slightly  reduce  the  maximum  flow 
rate  possible  due  to  increased  frictional  pressure  drops. 

4.  The  use  of  insulated  tubing  in  the  slant/vertical  section  of 
the  well  should  normally  act  to  improve  the  stability  of 
the  system. 

5.  Inlet  fluid  qualities  of  5-10%  at  the  bottom  of  the  riser 
should  generally  give  better  performance  than  lower  or 
higher  fluid  inlet  quaUties. 

The  following  table  shows  bottomhole  and  wellhead 
pressures  for  typical  production  rates  and  overburden 
depths  for  Athabasca  and  Cold  Lake  as  interpolated  from  the 
subject  study. 

In  general,  the  table  shows  that  lifting  fluid  in  the 
situations  addressed  in  this  study  may  not  be  a  problem 
except  in  the  low-pressure  cases.  Fluid  lifting  can  be 
accomplished  with  natural  fluid  energy  (density  reduction 


due  to  flashing  as  pressure  is  reduced)  and  gas  lift  as 
necessary  at  initial  low  rates  and  for  stability  at  high  rates. 
The  additional  cost  of  this  lift  gas  will  be  minimal  because  it 
will  be  separated  from  the  produced  fluid  and  used  as  fiiel 
gas  in  the  steam  generators. 

Other  artificial  lift  methods  may  be  necessary  in  two 
cases  (Athabasca  Case  3  and  Cold  Lake  Case  2)  in  the  table 
which  show  low-flowing  wellhead  pressures  with  the 
suggested  tubing  sizes.  As  shown  for  Case  3,  larger  tubing 
does  not  seem  to  increase  flowing  wellhead  pressure.  In 
these  cases,  some  additional  expenditure  for  artificial  lift  and/ 
or  inlet  booster  pumps  for  the  plant  may  be  necessary, 
although  this  has  not  been  included  in  this  study.  Develop- 
ment of  pumping  technology  for  high-volume  horizontal  well 
fluids  at  or  close  to  steam  saturations  conditions  is  war- 
ranted. It  is  expected  that  this  development  will  occur  as  the 
need  is  identified. 


Case 

Overburden 
(m) 

Bottom 
Hole 

Pressure 
(kPa) 

Production  Rate 

Suggested 
Tubing 
Size 
(inches) 

Flowing 
Wellhead 
Pressure 
(kPa) 

Bitumen 
(mVd) 

Water 

(mVd) 

Total 
(mVd) 

Athabasca 

1 
2 
3 

140 
100 
50 

1400 
1000 
500 

90 
70 
50 

190 
150 
90 

280 
220 
140 

3.5 
3.5 
3.5 
4.5 

1000 
650 
325 
300 

Cold  Lake 

1 

420 

2500 

180 

500 

680 

4.5 

1140 

2 

420 

1000 

100 

350 

450 

4.5 

225 
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Economic  Bitumen  and  SOR  Cutoffs  for  Different  Gas  Costs 
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Appendix  B 

Economic  Model  Description  and 
Capital  and  Operating  Cost 
Assumptions 

Economic  Model  Description 

The  economic  model  used  in  this  study  was  developed 
internally  by  Department  of  Energy  staff  for  use  in  the 
commercial  plant  study  for  the  Underground  Test  Facility. 
The  commercial  plant  study  selected  30,000  barrels  of 
bitumen  per  day  as  the  best  size  for  the  study  given: 

1)  the  probable  reserves  of 453  million  barrels  in  that  portion 
of  the  UTF  lease  being  considered  for  commerciahzation, 
and 

2)  the  need  to  capture  significant  economies  of  scale. 

This  study  used  the  same  commercial  scale  plant  design 
of 30,000  barrels  of  bitumen  per  day. 

Commercial  plant  forecasts  are  based  on  the  typical  well 
pair  steam  injection  and  bitumen  and  water  production 
predictions  obtained  from  numerical  simulation  of  the  S  AGD 
process  with  specified  reservoir  conditions.  Well  pairs  were 
brought  on  stream  as  necessary  to  maintain  the  plant  at  its 
bitumen  production  capacity.  Wells  were  added  to  the 
system  throughout  the  first  25  years  of  the  30-year  plant  life. 
It  was  reasoned  that  wells  added  after  25  years  would  not 
influence  the  social  supply  price.  Although  the  capital  cost 
to  drill  and  tie-in  the  well  would  be  paid  out  in  most  cases, 
the  present  value  of  the  costs  and  production  would  not  be 
significant.  Bitumen  plant  capacity  utilization,  which  had 
been  found  to  have  a  significant  effect  on  social  supply 
price,  was  kept  relatively  high  by  providing  adequate  steam 
generation  capacity. 

Two  models  were  used  in  generating  commercial  plant 
economics.  The  first  was  a  well  pair  scheduling  model,  which 
resulted  in  a  commercial  plant  yearly  forecast  of  well  pairs 
brought  on  stream,  steam  injection,  and  bitumen  and  water 
productioiL  The  second  was  the  economic  model,  which 
took  the  yearly  data  from  the  scheduUng  model  and  calcu- 
lated aimual  capital  and  operating  costs  based  on  cost  input 
criteria.  These  costs  as  well  as  bitumen  production  were 
discounted  back  to  current  time  to  calculate  a  discounted 
social  supply  price,  i.e.,  the  sum  of  all  discounted  capital  and 
operating  costs  divided  by  the  discounted  bitumen. 

Capital  and  Operating  Cost  Assumptions 

Capital  and  operating  costs  used  in  economics  for 
SAGD  scenarios  considered  in  this  study  have  been  based 
on  recent  stodies  similar  to  these  cases.  Costs  in  these  prior 
studies  for  commercial  projects  were  obtained  from  a  number 
of  sources  including  operators  and  outside  consultants. 


The  capital  cost  estimates  for  the  facilities  in  prior 
studies  were  developed  using  a  combination  of  equipment- 
factored  estimating,  capacity-factored  estimating,  and 
semi-detailed  estimate  techniques.  The  following  is  a 
siunmary  of  assumptions  used  in  these  preliminary  designs 
and  cost  estimates. 

1.  Sufficient  source  water  is  available  from  nearby  lakes  and 
the  cost  estimate  is  based  on  this  source. 

2.  The  properties  of  the  bitumen  under  consideration  are 
similar  to  the  bitumen  properties  at  the  UTF. 

3.  Diluent  was  added  to  facilitate  bitumen  water  separation 
only.  No  additional  diluent  was  added  to  meet  pipehne 
specifications. 

4.  The  properties  of  produced  water  under  consideration  are 
similar  to  the  properties  of  produced  water  from  the  UTF. 

5.  A  suitable  horizon  for  the  disposal  of  a  portion  of  the 
produced  water  exists  within  a  radius  of  10  km  of  the  plant 
site.  Six  wells  will  be  sufficient  for  water  disposal. 

6.  Waste  products  from  the  water-treating  process  (e.g.,  hme 
sludge)  can  be  stored  in  surface  pits  on  the  lease. 

7.  Only  minor  upgrading  of  existing  roads  and  minimal  site 
work  will  be  required. 

8.  Specific  assumptions  are  itemized  in  Figure  B 1 . 

The  central  processing  facility  for  the  cases  considered 
in  this  study  was  sized  for  oil  production  of 4770  mVd 
(30,000  bbl/d).  This  production  rate  is  maintained  by 
developing  the  reservoir  in  stages  as  discussed  for  each 
case.  The  steam  facilities  are  sized  according  to  the  peak 
steam  requirements  of  each  case. 
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Specific  Economic  and  Cost  Assumptions 

The  following  is  a  list  of  specific  economic  and  cost  assumptions  and  calculation  factors  used  in  the  Alberta  Department  of 
Energy-EUB  SAGD  evaluation  study. 

General  Assumptions: 

•  Well  pairs  are  scheduled  to  fill  30,000  bpd. 

•  A  minimum  of  two  well  pairs  are  added  at  one  time. 

•  Wells  are  added  to  fill  plant  capacity  for  25  years  with  a  plant  life  30  years. 

•  Plant  startup  is  in  year  2000. 

•  Costs  are  in  1995  dollars. 

•  Discount  factor  is  10%. 

•  No  pipeline  tariff  costs  are  included. 

Capital  Cost  Assumptions: 

•  Steam  facility  capital  cost:  yearly  maximum  steam  rate  (bspd)x  $720  per  bspd 

•  Other  fecility  capital  costs  are  assumed  to  be  constant  at  $6,000  per  nominal  bopd  plant  capacity  or  $  1 80  million. 

•  The  steam  facihty  capital  cost  was  assumed  to  be  a  direct  function  of  capacities  required  and  does  not  reflect  reduced  costs 
per  unit  possible  with  larger  capacities.  This  over-estimation  of  the  costs  for  larger  capacity  steam  facilities  may  be  offset 
by  additional  costs  for  water  sources,  and  treating  and  disposal  facilities.  These  costs  were  not  included. 

•  Well  drilling  costs  on  a  per  well  pair  basis  are  shown  below: 


Athabasca 

Wolf  Lake 

Surface  Development 
(Roads,  Pads,  etc.) 

$34,247 

$34,247 

Surface  Facilities 
(includes  gathering) 

$559,589 

$559,589 

Well  Costs 

$756,164 

$1,306,164 

Total: 

$1,350,000 

$1,900,000 

Operating  Cost  Assumptions: 


Gas  cost: 

Steam  cost 

Diluent  cost: 

Surface  operating  cost: 

Well  abandonment  (in  Year  30): 

Steam  utilities  cost: 

Fixed  costs: 

Production  treating: 

Water  treatment: 

Diluent  cost: 

Electrical  power  costs: 


$2.20/GJ 

$2.20/GJ  X  2.548  GJ/m^  steam  x  steam  volume 

0. 5%  X  0. 1 162  bbls  diluent/Bbl  bitumen  x  Bitumen  volume  x  $25/Bbl  diluent 

$195,000/year 

$50,000  per  well  pair 

$1.5 1/m^  steam  x  steam  volume 

$ 1 0,850,000  per  year  (stafi^  plant  maintenance,  materials) 

$0.56/m'  bitumen  x  bitumen  production 

$0.47/m'  water  x  water  production 

$25/Bbl 

$40/MWH 


Large  blocks  of  wells  are  drilled  over  several  years  prior  to  the  time  needed  to  reduce  short  rig  supply  impact  on  costs. 
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Appendix  C 

Multi-Well-Pair  Numerical  Model 
Development  for  Analyzing  Gas  Cap 
Effects 

Devopment  of  the  Multi-Well-Pair  Model 

Numerous  simulations  were  completed  using  2D  and  3D 
single-well-pair  models,  containing  a  horizontal  well  away 
from  the  well  pairs  in  the  gas  cap.  The  horizontal  well  in  the 
gas  cap  was  used  as  an  infinite  sink  with  a  constant  back 
pressure  equal  to  the  initial  reservoir  pressure.  The  purpose 
of  this  well  was  to  simulate  a  large  gas  zone  which  could  not 
be  pressured  by  the  SAGD  injection  well.  The  gas  cap  size 
was  varied  from  1 .5  to  1 0  m  using  the  24  m  (bitumen  reser- 
voir) base  case  UTF  model.  In  addition,  several  other  cases 
were  investigated  using  8m  of  rich  oil  sands  and  40  m  of  oil 
sands  with  varying  gas  cap  sizes.  The  results  of  those  cases 
demonstrated  that: 

•  The  180  m  lateral  distance  from  the  SAGD  well  pair  to  the 
low  pressure  gas  cap  allowed  steam  to  move  into  the  gas 
cap  faster  than  was  thought  reasonable. 

•  One  well  pair  would  only  model  the  outside  well  pair  of 
any  pattern.  Inner  pattern  well  pairs  may  be  pressure- 
supported  by  inner  steam  chambers. 

Early  work  on  project  centred  on  a  phenomena  referred 
to  as  "banking."  The  2D  model  with  a  3  m  gas  cap  indicated 
a  high-pressure  gradient  in  the  gas  cap  with  a  low-pressure 
gradient  in  the  bitumen  portion  of  the  reservoir.  This  bank 
provided  a  "plug"  which  would  not  allow  steam  to  break 
through  to  the  low-pressure  area.  The  plug  would  effectively 
seal  or  provide  a  barrier  to  contain  the  steam  chamber  Once 
the  plug  reached  the  pressure  sink,  steam  would  quickly  be 
removed  from  the  model. 

The  model  was  changed  from  2D  to  3D  by  including  a 
shce  with  higher-quaUty  reservoir  parameters.  The  3D  model 
was  adjusted  by  removing  the  lower  quality  shale  streaks  in 
the  lower  portion  of  the  model  and  consisted  of  one  100  m 
slice  and  another  400  m  shce,  referred  to  as  layers  j=  1  and 
j=2,  respeaively.  Subsequent  simulation  runs  using  the  3D 
model  showed  that  plugging  was  still  occurring  in  both  the 
j=l  and  j=2  layers. 

Ejq)erience  at  the  Kearl  Lake  Pilot  Project  located 
northeast  of  the  UTF  (described  in  the  technical  paper, 
"Steam  Flooding  For  In  Situ  Bitumen  Recovery  at  Kearl  Lake 
Pilot  in  the  Athabasca  Oil  Sands"),  suggested  that  plugging 
did  not  occur  in  this  water  transition.  At  the  Kearl  Lake 
project,  the  bitumen  is  overlain  by  a  water  transition  zone  in 
the  McMurray.  Results  of  the  project  showed  that  steam  was 
being  lost  from  the  pilot  through  the  non-oil-bearing  zone.  In 


this  study,  a  plug  forms  which  prevents  the  breakthrough  of 
steam  to  the  pressure  sink.  Significant  differences  between 
the  Kearl  Lake  Pilot  Projea  and  the  current  model  are: 

•  Horizontal  injector/producer  well  pairs  at  the  UTF  versus 
vertical  wells  at  Kearl  Lake. 

•  Top  water  zone  thickness  is  not  known  at  Kearl  Lake.  The 
thickness  could  be  as  much  as  10  m  and  the  model  only 
had  5  m  of  attic  water. 

•  Kearl  Lake  vertical  wells  were  hydraulicallyfi:acture 
stimulated.  These  fractures  could  provide  additional 
communication  to  the  attic  water  zone. 

Further  work  showed  that  when  the  gas  cap  (or  attic 
water)  thickness  was  10  m  or  greater,  no  banking  or  plugging 
occurs.  It  was  concluded  that  the  banking  was  caused  by 
bitumen  that  is  heated  and  moved  into  a  cold  zone.  Once 
heated,  the  bitumen  is  able  to  move  into  the  gas  or  water 
zone  since  the  mobility  ratio  of  either  gas  or  water  is  more 
favourable  than  cold  bitumen  (immobile).  It  should  be  noted 
that  no  sensitivity  runs  were  completed  using  a  smaller  grid 
block  in  the  gas  cap.  The  effect  of  plugging  could  be 
sensitive  to  the  size  and  number  of  grid  blocks  used.  In  this 
study,  the  gas  cap  grid  blocks  were  each  2.5  m.  The  plugging 
could  be  a  ftmction  of  the  area  of  breakthrough,  the  amount 
of  bitumen  moved  to  the  gas  cap  and  the  gas  cap  thickness. 

An  earlier  sensitivity  case  using  a  10  m  gas  cap  varied 
the  short  circuit  layer  thickness  from  100mto2mina90m 
model.  This  case  showed  that  the  short  circuit  layer  did 
somewhat  alter  the  oil  rate  profiles.  The  oil  rate  was  slightly 
higher  in  the  100  m  short  circuit  case  compared  to  the  2  m 
case  by  125  mVd  and  110  mVd,  respectively.  One  interesting 
point  is  that  the  steam  did  not  break  through  as  quickly  in 
the  2m  case  compared  as  in  the  10  m  case.  This  might  be 
because  of  the  small  grid  block  surface  area,  which  resulted 
in  higher  heat  losses  as  the  steam  chamber  advanced 
towards  the  pressure  sink. 
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Appendix  D 

Gas  Cap  Effect  Simulation  Data  Set 
and  Results,  Commercial  Plant 
Utilization  and  Detailed  Plant  Bitumen 
Forecasts  and  Undiscounted  Costs  for 
Athabasca  McMurray 
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Appendix  E 

Gas  Cap  Effect  Simulation  Data  Set 
and  Results,  Commercial  Plant 
Utilization  and  Detailed  Plant  Bitumen 
Forecasts  and  Undiscounted  Costs  for 
Clearwater  Wolf  Lake 
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Well  Bottom-hole  Pressure  (kPa) 
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Well  Bottom-hole  Pressure  (kPa) 
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Well  Bottom-hole  Pressure  (kPa) 
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Well  Bottom-hole  Pressure  (kPa) 


^  CVJ 

i  P 


=  O 

o  a: 

CO  Cl 

M  CO 

IX  0} 

<D  _    CO  03 

CO  b  5  ^ 


q:  i2 
oi 

CO  I 

0)  £ 

EC  O 

cn 

03  _ 


(Aep/euj)  OS  9;By  pinij 


Possible  Effects  of  Gas  Caps  on  SAGD  Performance  145 


Well  Bottom-hole  Pressure  (kPa) 
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Well  Bottom-hole  Pressure  (kPa) 
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Well  Bottom-hole  Pressure  (kPa) 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -  0  m  Depleted  Gas  Cap 


Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -  0  m  Non-depleted  Gas  Cap 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -4m  Depleted  Gas  Cap 


Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -4m  Non-depleted  Gas  Cap 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -8m  Depleted  Gas  Cap 


Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Wolf  Lake  Clearwater  -  8  m  Non-depleted  Gas  Cap 
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Appendix  F 

Gas  Cap  Effect  Simulation  Data  Set 
and  Results,  Commercial  Plant 
Utilization  and  Detailed  Plant  Bitumen 
Forecasts  and  Undiscounted  Costs  for 
Clearwater  Burnt  Lake 
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